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ABSTRACT  
The E. coli RNA degradosome is a complex multi-enzyme machine that is central to the post-
transcriptional regulation of the cell. Some of its functions include maturing and processing 
sRNA, rRNA, and tRNA, as well as degrading mRNA. The key components of the RNA 
degradosome include the endoribonuclease RNase E, the DEAD-box RNA helicase RhlB, the 
glycolytic enzyme enolase, and the phosphorolytic exoribonuclease PNPase. The degradosome 
has also been previously shown to associate with the RNA chaperone Hfq to form a small RNA 
guided machinery that targets defined transcripts. This thesis attempts to investigate several 
characteristics of the degradosome, including the importance of RhlB, the structure of a portion 
of the RNase E C-terminal domain that recruits enolase and helicase, and the association 
between Hfq, ChiX and the C-terminus of RNase E. The thesis also explores structural details 
regarding the small domain of RNase E involved in both RNA binding and oligomerisation and 
its relationship to the RNA-binding KH domains. Utilizing a point mutation in the DEAD box 
of RhlB, I have found increased RNA affinity to mutant RhlB, the potential structure of Hfq — 
an RNA chaperone — bound to the sRNA ChiX, and a structural correlation between the RNase 
E small domain and other KH domains. Preliminary models of Hfq and ChiX structure show a 
novel binding mode for class II sRNAs as the majority of ChiX associates with the distal face 
of Hfq. Bioinformatic studies reveal evolutionary roots between the KH domains and the RNase 
E small domain, supporting the hypothesis that the RNase E small domain may be involved in 
a novel mode of RNA binding and recognition. 
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1 INTRODUCTION 
1.1 Overview 
  The prokaryotic organism is constantly facing new challenges and adversities in its 
environment. To survive, it must be able to adapt rapidly to each new environmental input, 
without compromising essential cellular functions. When nutrients are abundant, they are 
rapidly imported and used for cell growth and division. When conditions become astringent, 
conservational methods must be employed. Maintaining a dynamic equilibrium between growth 
and conservation allows for cells to be flexible in response to changes in the environment. 
Expeditious actions in the cell can best occur via post-transcriptional regulation, as regulating 
gene expression at the transcriptional level requires an abundance of both time and energy, 
resources which are both scarce and valuable. RNA levels, in contrast, can change in minutes. 
Changes in RNA levels can rapidly affect protein levels in the cell without being as expensive 
energetically. As post-transcriptional regulation plays an integral role in prokaryotic survival, 
the understanding of this process is thus vital to the understanding of prokaryotic life. 
  In the mid-80’s, a paper was published detailing a novel method of post-transcriptional 
regulation by a small RNA, MicF (Coleman et al, 1984). MicF was shown to regulate ompF, a 
gene encoding an outer membrane protein (Aiba et al, 1987). Interestingly, the gene of micF 
has its own promoter and is independently transcribed, though it only encodes a small RNA of 
93 nt, a phenomenon which was unheard of at the time (Andersen et al, 1987). Not only was 
MicF independently transcribed, it was also found to be active by exerting a post-transcriptional 
regulatory effect by repressing ompF translation (Aiba et al, 1987). When MicF was bound to 
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the Shine-Dalgarno sequence of ompF, ompF translation was suppressed (Andersen & Delihas, 
1990). Once suppressed, MicF was found to facilitate the degradation of the ompF transcript as 
well (Figure 1) (Andersen & Delihas, 1990). Since this discovery, many small RNAs, hereby 
denoted as sRNAs, have been found in almost all bacterial families. Discovered sRNAs have 
not only shown a surprising amount of variation in length but also in mechanism of action, 
prompting further research into each individual sRNA (Wagner & Romby, 2015). 
Figure 1: Mechanism of MicF targeted ompF repression  
 
  
  Around the time of MicF’s discovery, the ribonuclease RNase E and its various RNA 
processing functions were also beginning to emerge. When RNase E genes, then known as ams, 
rne, or hmp, were mutated, ribosomal RNAs and RNA decay were found to be disrupted (Cohen 
& McDowall, 1997). The protein RNase E was then identified as a key enzyme in RNA 
metabolism. Since then, RNase E has undergone scrutiny in various ways, increasing the pool 
of knowledge regarding RNA metabolism since the 80’s. We now know that RNase E is the 
scaffold upon which the multi-enzyme machine known as the RNA degradosome assembles, 
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as well as being an endonucleolytic enzyme responsible for tRNA, rRNA, and endogenous 
sRNA maturation (Bandyra & Luisi, 2018). The RNA degradosome is a multienzyme complex 
consisting of RNase E, RNA helicase B (RhlB), enolase, and polynucleotide phosphorylase 
(PNPase). These enzymes work together to ensure the correct RNA is degraded or processed in 
the prescribed manner. The RNA degradosome, aside from maturing RNA, is also implicated 
in sRNA mediated post-transcriptional regulation (Bandyra & Luisi, 2018). As such, the RNA 
degradosome is an indispensable element of RNA regulation and control. In addition to the 
RNA degradosome, other proteins such as Hfq have also been shown to participate in sRNA 
mediated post-transcriptional regulation. Hfq is an RNA chaperone that facilitates sRNA 
binding to its target mRNA and sometimes the recruitment of the degradosome as well (Bruce 
et al, 2018). Though the method by which Hfq recruits the degradosome remains unclear, the 
importance of Hfq’s role in RNA mediation is irrefutable, as ΔHfq strains have been shown to 
have decreased virulence and heightened sensitivity to stress conditions (Chao & Vogel, 2010). 
Together, Hfq and the RNA degradosome modulate the concentrations of RNA in the cell, and 
thus mediate the rate of translation and protein synthesis. 
 
Figure 2: Schematic of the three most  common ways sRNA function in the cell  
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  Global RNA regulation within prokaryotes has been shown to be vastly complex. 
Different sRNAs have been shown to participate in divergent pathways which diversely affect 
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mRNA half-lives. Some sRNAs such as RyhB bind to the ribosome binding site on mRNAs to 
block translation initiation (Figure 2A) (Chareyre & Mandin, 2018). Once translation initiation 
is blocked, polysomes can no longer form on the mRNAs which leaves them vulnerable to 
decay by RNase E and the RNA degradosome. Other sRNAs, such as ArcZ, DsrA, and RprA, 
can instead activate translation on their target mRNA (rpoS) upon binding (Repoila et al, 2003). 
The Shine-Dalgarno (SD) sequence of rpoS is buried in stem loop structures, preventing it from 
being accessed by ribosomes. ArcZ, DsrA, and RprA all have extensive sequence 
complementarity with the 5’ region of rpoS. Upon sRNA binding, the SD sequence is released 
from the stem loop and may be accessed by ribosomes for translation initiation (Figure 2B) 
(Repoila et al, 2003). 
  In addition to the diverse methods by which post-transcriptional regulation is achieved 
with sRNAs, each sRNA may also have a variety of targets. GcvB, for example, has two distinct 
seed regions and is predicted to be involved in the regulation of up to 2% of all E. coli genes 
(Lalaouna, 2018). RyhB, another potent sRNA, can regulate many, if not all, of the proteins 
which may affect intracellular iron concentration, including proteins that regulate iron intake 
and non-essential proteins that sequester Fe2+ for functional reasons (Massé et al, 2007). The 
assortment of different modes of mRNA regulation by sRNA is only made more interesting by 
with the knowledge that most of these effects, however different, are mediated by Hfq and the 
RNA degradosome (De Lay et al, 2013). Both Hfq and the RNA degradosome directly bind 
RNA, but how they cooperate to achieve the multitude of effects of sRNA binding to mRNA is 
still an enigma, as well as how both Hfq and the RNA degradosome must be able to recognize 
the multitudes of structures adopted by the sRNA-mRNA complexes. 
Figure 3: Hfq and  its  RNA b inding modes  
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  Hfq and RNase E, the scaffolding upon which the RNA degradosome binds, both 
contain general RNA-binding sites (Carpousis, 2007; Farner & Feig, 2013). Hfq is a 
homohexamer which contains multiple promiscuous RNA-binding sites, the most well studied 
of which are the proximal and distal faces. The details of these binding sites will be discussed 
in chapter 1 section 3 entitled Hfq Structure and Function. Briefly, the proximal face 
preferentially binds poly-U RNA sequences, which most frequently occur in the 5’UTR of 
mRNAs. The distal face, in contrast, preferentially binds sequences with the pattern of 
AAYAAYAA, where Y is any pyrimidine. The AAYAAYAA pattern more frequently occurs 
in sRNAs (Farner & Feig, 2013). Hence, it is easy to envision that Hfq can facilitate the 
annealing of sRNA to their target mRNAs by binding to both at the same time and eliminating 
the distance between the base-pairing regions (Figure 3A) (Vogel & Luisi, 2011). RNase E, the 
scaffolding protein upon which the degradosome assembles, contains two halves referred to as 
the N- and C-terminal domains (Figure 4C). The N-terminal domain is a structured 
endonuclease which prefers single stranded RNA with a 5’-monophosphate group. The C-
terminal domain of RNase E contains microdomains used to bind other components of the 
degradosome or to provide additional support to the complex. These microdomains include, in 
order of N to C-terminal, the membrane targeting sequence (MTS), RNA-binding domain 
(AR1), RhlB-binding site (RBS), arginine-rich RNA-binding site (AR2), enolase-binding site 
(EBS), and PNPase-binding site (PBS). Details regarding RNase E and the RNA degradosome 
are discussed in the following section. 
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1.2 RNA Degradosome Evolution and Organization 
  At the heart of the various post-transcriptional regulators is the RNA degradosome, as 
both sRNAs and Hfq have both been shown to affect post-transcriptional regulation through 
influencing the activities of the degradosome. The RNA degradosome’s importance for 
bacterial viability is doubly as evident when considering its homologues. In almost all species 
of bacteria, there exists some form of a degradosome (Aït-Bara & Carpousis, 2015).  The 
ancient origin of RNase E has been suggested to predate the separation of proteobacteria, 
actinobacteria, and cyanobacteria (Lee and Cohen, 2003). Some degradosome like structures 
are also present in chloroplasts and mitochondria, which are thought to have evolved from 
cyanobacteria and alpha-proteobacteria respectively (Ochoa de Alda et al., 2014; Schein et al, 
2008; Szczesny et al, 2012; Wang and Wu, 2015). Bacteria which do not have RNase E contain 
other RNases that fill the same function instead. For example, in B. subtillis, RNase E is 
replaced by RNase J and RNase Y (Lehnik-Habrink et al, 2011). Although not all these 
degradosomes are derived from the same evolutionary origin, the fact that similar complexes 
arose independently of each other points to the importance of such a complex for the survival 
and propagation of the bacterial species. 
Figure 4: T he organization of various kinds of degradosome and their in teraction partners  
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  In bacteria, the RNA degradosome can take many forms, canonically categorized into 
five different types (Figure 4A) (Aït-Bara & Carpousis, 2015). All types of the degradosome 
contain an RNase upon which the body of the degradosome forms. These RNases share a similar 
catalytic core, which contains an RNase H-like domain, DNase I-like domain, S1 RNA-binding 
domain, as well as a Zn link which allows for dimerization (Figure 4A). Four out of five types 
also contain a small structured domain which allows for tetramerization. Alongside these 
structured elements, these RNases also possess an unstructured region containing various 
microdomains which recruit a variety of proteins that ultimately form the full degradosome 
complex (Figure 4B). 
  All degradosomes also contain a similar array of interaction partners which bind to the 
core RNase through its microdomains (Figure 4B). The presence of these microdomains are 
conserved throughout evolution, though their structure, sequences, and binding partners may 
all differ (Aït-Bara et al, 2015). For example, the PNPase-binding site on cyanobacteria show 
no sequence similarly to the PNPase-binding site in RNase E, even though they perform the 
same function (Aït-Bara et al, 2015). Although the compositions and organizations of the 
degradosomes are not identical, patterns can be gleaned from the evolutionary tree which may 
be used to ascertain the importance of each microdomain. The various degradosome’s 
microdomains usually bind an array of similar accessory proteins such as helicases, metabolic 
enzymes, RNA-binding proteins, and exoribonucleases, though these accessory proteins may 
be different. E. coli RNase E, for example, binds the exoribonuclease PNPase while P. syringae 
RNase E binds the processive RNase R (Bandyra & Luisi, 2018; Purusharth et al, 2005). 
Similarly, the range of RNA helicases include RhlB, RhlE, Rho terminator, and more (Aguirre 
et al, 2017; Jager, 2001; Py et al, 1996). Metabolic enzymes which associate to the degradosome 
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include enolase, aconitase, acetyl transferase, and others (Chandran & Luisi, 2006; Hardwick 
et al, 2011; Kovacs et al, 2005). Though the specific role of these metabolic enzymes in the 
degradosome is unclear, their presence in the degradosome suggests a strong link between the 
abundance of cellular energy and RNA degradation. Interestingly, the composition of an 
individual degradosome can be flexible. By changing the growth or conditions surrounding the 
bacteria, different proteins can associate and dissociate from the degradosome. In E. coli, under 
cold shock conditions RhlB is replaced with the cold shock helicase CsdA, which helps 
facilitate more efficient RNA unwinding under less temperate conditions (Prud'homme-
Géńreux et al, 2004). Similarly, in C. crescentus, RhlB is replaced with RhlE under cold shock 
conditions (Aguirre et al, 2017), indicating that the formation of a “cold shock degradosome” 
is not limited to one species, and can potentially occur in all degradosome containing organisms.  
1.2.1 RNase E  
Figure 5: Structure of the N-terminal catalyt ic domain of RNase E  
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  The most well characterized of all degradosomes is the E. coli RNA degradosome. The 
RNase E scaffolded degradosome is the canonical type I degradosome, which contains a core 
RNase — in this case, RNase E — with a structured catalytic N-terminal domain and an 
unstructured C-terminal tail upon which all other elements of the degradosome bind (Bandyra 
& Luisi, 2018). RNase E is organized as a tetramer, more specifically a dimer of dimers 
(Callaghan et al, 2005) (Figure 5A). Each monomer in a dimer cooperates structurally to cleave 
two pieces of RNA. The catalytic N-terminal domain of RNase E contains the RNase H-like 
domain, which contacts and stabilizes the RNA for cleavage; the DNase I like domain, which 
coordinates a catalytic Mg2+; the S1 RNA binding domain, which forms a channel with the 
DNase I like domain and positions the backbone for cleavage; the structural Zn link and the 
small tetramerization domain, both of which work together to coordinate tetramerization. The 
N-terminal domain contains a small channel formed by the S1 and DNase I like domains which 
only fits a single stranded RNA (Figure 5C). Though RNase E has shown no sequence 
specificity, it prefers AU rich regions and prefers to cut two nucleotides downstream of a 
guanosine base (McDowall et al, 1994; Redko et al, 2003). Additionally, RNase E’s 
endonucleotylic activity is enhanced upon binding of a 5’-monophosphate (Jiang & Belasco, 
2004). Binding of a 5’-monophosphate is thought to induce a conformational change in the S1 
domain of one dimer which compresses the catalytic channel and optimally positions the RNA 
backbone towards the catalytic Mg2+ of the other dimer (Koslover et al, 2004) (Figure 5D). As 
RNase E is also required in the cleavage of complex RNAs which do not contain a 5’-
monophosphate, current understanding postulates two pathways by which RNase E cleaves 
RNA — the 5’-end dependent pathway and the 5’-end independent pathway, also known as 
direct entry pathway (Bouvier & Carpousis, 2011). The 5’-end dependent pathway requires the 
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presence of a 5’-end monophosphate, either from the mRNA substrate itself or from a different 
strand of sRNA. Indeed, studies have shown that, in the absence of a 5’-monophosphate on the 
target mRNA, sRNAs with a 5’-monophosphate can bind to the 5’-end sensor in RNase E and 
activate the cleavage activity in trans (Bandyra et al, 2012). The direct entry pathway, however, 
is less well understood and is thought to involve activation of the RNase activity of RNase E 
with the tertiary structure of the RNA itself (Baker & Mackie, 2003; Joyce & Dreyfus, 1998). 
Genome wide surveys have shown that the direct entry pathway may well be the major cleavage 
pathway in RNase E (Clarke et al, 2014). 
  The C-terminal of RNase E is equally complex, as it contains many microdomains 
which are essential for the formation of the degradosome (Bandyra & Luisi 2018). The majority 
of the C-terminal domain is unstructured except for the conserved structured regions which 
serve specific functions (Callaghan et al, 2004). These structured regions include the membrane 
targeting sequence (MTS), arginine-rich regions 1 and 2 (AR1 and AR2) which serve to bind 
RNA, the RhlB-binding site (RBS), enolase-binding site (EBS), and PNPase-binding site (PBS) 
(Figure 4C) (Callaghan et al, 2004; Chandran & Luisi, 2006; Khemici et al, 2008). The MTS is 
an amphipathic helix that tethers the degradosome onto the membrane (Khemici et al, 2008). 
Upon membrane binding, RNase E seems to be stabilized and affinity for the substrates seems 
increased (Murashko et al, 2012). It has been suggested that membrane localization of the 
degradosome machinery, in addition to stabilizing the complex, creates a temporal delay 
between the transcription of new mRNAs and their degradation to allow for mRNAs to be 
translated (Mackie, 2013). Fluorescent microscopy has shown that RNase E is equally 
distributed throughout the membrane but forms local foci which can be disrupted by the 
addition of rifampicin (Strahl et at, 2015), which suggest that perhaps substrate localization 
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affects degradosome localization as well. Though the quaternary structure of the degradosome 
is known, due to the difference in stoichiometry of RNase E and PNPase, large scale 
organization of the degradosome is still unknown but suspected to be complex and mobile due 
to the flexibility and mobility of the C-terminal domain. 
1.2.2 RNA helicase B 
  One of the components of the E. coli degradosome is RNA helicase B (RhlB) (Chandran 
et al, 2007). The majority of the cellular RhlB is thought to be bound to the degradosome and 
aids in unwinding complex RNA structures (Domínguez-Malfavón et al, 2013). RhlB is part of 
the DEAD box family of RNA helicases which have diverse functions in most organisms 
(Cordin et al, 2006). Notable DEAD box helicases include the eIF4A translation initiation 
factor, Prp28 and Prp5, which are involved in mRNA splicing (Xing et al, 2019). Evolutionarily 
speaking, modern helicases are derived from an ancestor with a conserved catalytic core similar 
to the helicase cores found today. Structurally, the DEAD box helicase cores contain two RecA 
like domains, which in turn contains eight conserved motifs, making up the ATP-binding 
domain and helicase C-terminal domain (Figure 6C) (Linder et al, 1989). The eight conserved 
motifs are the Q-motif, motif 1, 1a, 1b, motif II, III, IV, and V. These motifs are highly 
conserved and implicated in both ATP-binding and RNA association. The ATP-binding motifs 
consist of the Q motif, motif 1, 1a, 1b, and motif II (Tanner et al, 2003), and the RNA binding 
motifs consists of motif III, IV, and V. Motifs 1 and II are also commonly known as the Walker 
A and B motifs respectively. The Walker B motif contain the residues Asp-Glu-Ala-Asp 
(DEAD) which is essential for ATP hydrolysis and gives this family of proteins its name.  
Figure 6: RhlB and the DEAD box hel icase structural organization  
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  Though every DEAD-box helicase shares the same core, each individual helicase is also 
adapted to their specific cellular functions, which vary significantly in the cell (Linder et al, 
1989). Most commonly, DEAD-box helicases are responsible for the disassembly of 
ribonucleoproteins, chaperones for RNA folding, and stabilizing of protein-RNA interactions 
(Jarmoskaite & Russell, 2011; Linder & Jankowsky, 2011; Weston & Sommerville, 2006). For 
example, Mss116 and CYT19 act as non-sequence specific RNA chaperones, Sub2 promotes 
protein-protein interactions on RNA, and Dbp4 is involved in the release of snoRNA (Xing et 
al, 2019). When DEAD-box helicases contain modifications or auxiliary domains, they are 
always specific to their individual functions and come from N and C-terminal additions without 
disrupting the central core. In such a sense, RhlB also contains additions to the helicase core 
that are specialized for its function. RhlB contains an unstructured C-terminal tail enriched with 
positively charged residues, theorized to aid in RNA binding (Figure 6B) (Chandran et al, 
2007). In addition, upon binding to RNase E, the ATPase activity of RhlB is stimulated 
(Chandran et al, 2007). As ATPase activity is required for the release of the substrate, 
subsequently freeing the helicase for more activity, stimulated ATPase activity leads to faster 
unwinding (Chandran et al, 2007). These characteristics together support the idea that RhlB is 
optimized for aiding RNA unwinding and remodelling in the E. coli RNA degradosome 
(Carpousis 2007). RhlB’s role in the degradosome is seemingly straightforward yet its 
associations with different members of the degradosome are ill-described. Though previously 
known to be implicated in the processive degradation process by PNPase, recently, the RhlB 
binding site on the degradosome has been shown to be required for Hfq binding in certain 
circumstances (Ikeda et al, 2011; Khemici & Carpousis, 2004). As Hfq is not thought to be 
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involved in the processive degradation pathway of the degradosome, RhlB’s role purely as an 
unwinding accessory to PNPase has been put into question.  
 
 
 
 
 
1.2.3 Enolase 
Figure 7: E nolase and i ts associat ions w ith the E. coli RNA degradosome 
 
  Another protein, a portion of which is associated with the degradosome is enolase, a 
glycolytic enzyme. Enolase’s primary role in the cell is to convert 2-phosphoglycerate into 
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phosphoenolpyruvate in the penultimate step of glycolysis (Figure 7). As such, enolase is 
abundant in the cytoplasm and only <10% of all enolases are associated to the RNA 
degradosome (Nurmohamed et al, 2010). The exact role of enolase on the RNA degradosome 
has largely remained a mystery, but some clues to its role have been collected over the years. 
In many degradosome homologues, an enzyme in the energy pathway has been found to 
associate with the degradosome. Some of them are in the glycolytic pathway (such as enolase), 
and some of them are found in the citric acid cycle (such as aconitase) (Hardwick et al, 2011). 
Thus, the association of an enzyme in the energetic pathway to the degradosome seems to be 
beneficial to the survival of the species. Additionally, sRNA-mediated degradation of ptsG has 
been shown to have decreased functionality upon removal of the enolase binding site in the 
degradosome (Morita et al, 2004). ptsG encodes a major glucose transporter responsible for 
importing glucose. Thus, ptsG regulation is implicated in energy conservation and is therefore 
intimately related to the glycolysis cycle. As the enolase binding site in the scaffolding region 
is adjacent to the RNA binding site AR2, binding of enolase could hypothetically alter the 
structure of the AR2 binding site and change its preference and affect ptsG degradation. 
However, little structural information is available to validate such a hypothesis. To further 
understand the function of enolase in the context of the degradosome, more structural and 
functional data is needed. 
1.2.4 Polynucleotide Phosphorylase  
Figure 8: PN Pase organization, RNase E and RNA  bind ing  
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  One of the most important proteins which associates with the degradosome is 
polynucleotide phosphorylase (PNPase), which is the processive RNA degradation center of 
the degradosome (Carpousis, 2007). PNPase functions in the degradosome as a 3’-5’ 
exoribonuclease by using an inorganic phosphate to attack the phosphodiester backbone linkage 
at the 3’ end, generating a diphosphate nucleotide (Nurmohamed et al, 2009). Similarly to 
enolase, PNPase itself also exists independently of the RNA degradosome (Del Favero et al, 
2008). Only a small fraction of cellular PNPase is bound to the degradosome at any time. In the 
cell, PNPase forms a trimer which is its functional oligomeric state (Figure 8A). Each PNPase 
monomer also contains three domains, the RNase PH-like domain, KH domain, and S1 domain 
(Nurmohamed et al, 2009). The RNase PH-like domain is the catalytic domain and the most 
well characterized of the three. A trimer of this domain is analogous to the eukaryotic exosome, 
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where the three PNPase PH domain forms a ring, the inside of which is a channel through which 
RNA passes. The RNA that passes through the channel is then degraded into diphosphate 
nucleotides. The more enigmatic KH and S1 domains have been theorized to aid in RNA 
recruitment, and more recently even shown to have possibly an RNA chaperoning role 
(Cameron & De Lay, 2016). In its association with RNase E, PNPase binds to the degradosome 
through beta sheet interactions with the conserved microdomain on the RNase E C-terminus 
(Nurmohamed et al, 2009). As PNPase exists as a homotrimer and RNase E exists as a 
homotetramer, the stoichiometry of PNPase and RNase E may create a complex web of 
interactions along the membrane, the details of which are still obscure.  
  In this thesis, the main protein of focus will be RhlB. To investigate RhlB function 
within the degradosome, I elected to use a subassembly of the RNA degradosome henceforth 
referred to as the ternary complex. The ternary complex consists of RNase E 603-850, RhlB, 
and enolase (Figure 9). RNase E 603-850 comprises of two RNA-binding sites (AR1 and AR2) 
along with the RhlB and enolase-binding sites. As RNase E binding stimulates RhlB ATPase 
activity (Chandran et al, 2007), RhlB in complex with RNase E will provide a more accurate 
measurement of RhlB activity in the context of the degadosome in comparison to free RhlB. In 
addition to including the RNase E segment, enolase has also been included for its potential to 
modulate the functional capacity of certain sRNAs (Morita et al, 2004). To simplify the 
purification process and eliminate excess complexity, the RNase E N-terminus including the 
MTS was not included. For similar reasons, PNPase was also not included in the studies. The 
three chosen components together will hopefully represent a significant portion of the 
degradosome C-terminal tail which play a large role in RNA binding and substrate selection.  
Figure 9: Cartoon representation of the ternary complex  
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1.3 Hfq Structure and Function 
  One protein which is deeply involved in global RNA regulation is Hfq. Hfq was 
originally discovered in 1968 to be essential for the replication of bacteriophage Qβ (de 
Fernandes et al, 1972). It was thus named Hfq for Host Factor for bacteriophage Q beta. Since 
then, Hfq has been found in many species of bacteria, and its homologues have been found in 
eukaryotes and archaea as well (Hermann et al, 1995; Törö et al, 2001). Hfq belongs to a family 
of promiscuous RNA-binding proteins called the Sm/LSm proteins, which are an ancient family 
of proteins theorized to have evolved from a single ancestor from before the split of the 
kingdoms eukarya and archaea due to its ubiquitous presence (Hermann et al, 1995). These 
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proteins were first discovered as an antigen to the anti-Sm antibodies found in patients with 
systemic lupus erythematosus (Tan & Kunkel, 1966), but various other proteins similar to the 
structure of these antigens were later found to exist across all domains of life. These proteins 
all share a characteristic fold and oligomerization which defines the family but they all 
participate in cellular function differently. Members of the Sm/Lsm proteins include those 
found in the spliceosome as ribonucleoproteins, as RNA chaperones for snRNAs, or as RNA 
remodelling proteins (Schümperli & Pillai, 2004; Woodson et al, 2018). These proteins exhibit 
a characteristic fold and ring-like quaternary structure. Two motifs are found in these proteins, 
Sm1 and Sm2 (Hermann et al, 1995). Sm1 contains the N-terminal alpha helix and beta strands 
one to three, while Sm2, contain beta strands four and five. Beta strands 3-5 fold in on 
themselves, with beta strands 4 and 5 forming the protomer interfaces during oligomerization 
(Figure 10). Between eukaryotes and prokaryotes, the largest differences between these proteins 
come from the Sm2 motif (Kambach et al, 1999). The C-termini of the Sm/Lsm family of 
proteins can also differ in length, but these elements are less well described. The monomers 
usually oligomerize into a ring of six to seven units with two distinct RNA binding faces (Figure 
3B, Figure 10) (Bass et al, 2002). These oligomers could be either homomeric or heteromeric, 
with the heteromeric rings consisting of two different kinds of monomers spaced out evenly 
(Zhou et al, 2014). The specific binding capacities of each protein depends on the Sm2 motifs 
of the monomers which form these rings (Hermann et al, 1995). 
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Figure 10:  Sm/sm family protein fo lds.  
  In E. coli, Hfq forms a homohexameric ring which contains multiple RNA-binding sites, 
the proximal site, distal site, and rim site (Figure 3B) (Hoekzema et al, 2019; Panja et al, 2013; 
Sauer & Weichenrieder, 2011). The proximal face of Hfq is the surface in which the N-terminal 
alpha helices of all the monomers are situated, whereas the distal face is made up of various 
residues from the beta-strands (Sauter et al, 2003). The C-terminal tail of Hfq contains many 
acidic residues and extends out from the rim of the ring in an unstructured manner. The proximal 
face of Hfq makes contact with RNAs through positively charged residues close to the centre 
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of the ring’s aperture (Figure 3C) (Wang et al, 2011). Each Hfq monomer would make contact 
with the backbone of one nucleotide. The base pairing faces of each nucleotide, when bound to 
Hfq, would be exposed to the solvent and accessible for binding. The proximal face of Hfq 
seems to prefer U rich sequences commonly found in sRNAs (Vogel & Luisi, 2011). In contrast, 
the distal face of Hfq interacts with RNA in a very different way. Each Hfq monomer makes 
contact with three RNA bases on the distal face (Figure 3C) (Link et al, 2009). Two bases are 
secured while one is exposed to the solvent and free for base pairing. The distal face prefers A 
rich RNA regions which are more commonly found in the UTRs of mRNAs (Vogel & Luisi, 
2011). In this way, Hfq facilitates the annealing of sRNAs to their target mRNAs by bringing 
the two RNAs in proximity to each other, with the sRNA bound to the proximal face and the 
mRNA bound to the distal face. Though these modes of binding are the most commonly 
described, Hfq has also been shown to bind RNA on both sides simultaneously, to bind DNA 
and to bind RNA on the rim of the hexameric ring as well (Orans et al, 2017; Panja et al, 2013; 
Schu et al, 2015). These methods of binding have yet to be described in depth and their functions 
in vivo await further studies.  
  In vivo studies have shown that Hfq is limiting in the cell when compared to RNA, 
perhaps unsurprisingly (Santiago-Frangos & Woodson, 2018). The large number of RNA in the 
cell coupled with Hfq’s promiscuity means that Hfq is constantly sequestered by one RNA or 
another. In addition, many sRNAs have been shown to require Hfq for their function and thus 
sequester the chaperone from other RNAs. sRNAs by themselves are very vulnerable to 
degradation and thus they require either binding to their target RNA or binding to a protein for 
stabilization. Hfq fulfils this role for sRNAs, where it protects the RNA from degradation and 
also shuttles it to its target mRNA (Vogel & Luisi 2011). There are several ways in which Hfq 
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can fulfill its role as the RNA chaperone aside from increasing the half-life of sRNAs. Firstly, 
it can increase rates of sRNA and mRNA annealing. In vitro rates of sRNA and mRNA 
annealing without a chaperone are too slow to have any biological relevance (Kawamoto et al, 
2006; Soper & Woodson, 2008). However, upon Hfq binding, the seed region of the sRNA (the 
mRNA annealing segment) comes into proximity with the binding site on the mRNA, 
effectively reducing the annealing time (Zhang et al, 2002). In this way, Hfq acts in a similar 
way to a catalyst, as it lowers the entropic cost afforded to the “substrates” to facilitate a faster 
reaction. Another of Hfq’s actions is to create energetically stable base-pairs. mRNA UTRs and 
sRNAs usually contain higher order structures which are intrinsically stable and difficult to 
penetrate. Thus, though transient sRNA-mRNA pairings are frequently formed without Hfq, 
they may have difficulty forming the most stable duplex as intermediate duplexes may 
dissociate too soon to be biologically relevant. Hfq binding ensures that the most energetically 
stable base-pairing is achieved and released, allowing the duplex to be fully functional in the 
cell. Lastly, Hfq can remodel the structures of the sRNA and mRNA, allowing for base pairing 
to occur (Soper et al, 2010). 5’-UTRs on the mRNA as well as sRNAs are usually structured, 
providing the RNAs with protection against ribonucleases. However, many of the sRNAs seed 
regions and its target regions on the mRNA are therefore buried under secondary structures and 
inaccessible for base pairing. Access to these elements may require more energy than the 
ambient energy available to sRNAs. Hfq then can provide an extra layer of interactions which 
can compete with intrinsic structures alongside sRNA-mRNA interactions (Geissmann & 
Touati, 2004; Hoekzema et al, 2019; Zhang et al, 2002). Hfq can position the seed regions and 
target sequence optimally to promote base pairings which otherwise may be difficult to form. 
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In this way, Hfq again acts similarly to a catalyst, lowering the required enthalpy for duplex 
formation.  
  One question that permeates Hfq-RNA interactions is competition. As Hfq is a limiting 
factor within the cell, it must be recycled from currently bound RNAs for efficient function 
(Santiago-Frangos & Woodson, 2018). Currently, there are two models that can explain Hfq-
recycling in vivo. The first model is the degradation model, where in vivo, RNase E and the 
RNA degradosome are continuously degrading mRNA which is bound to sRNA and Hfq 
(Massé et al, 2003). Thus, once the mRNA and sRNA are degraded, Hfq is free to bind to new 
RNA partners. The second model is the competition model, where one binding RNA is 
continuously displaced by other Hfq binding RNAs (Fender et al, 2010). In this model, the RNA 
sequence does not hold the most importance, as Hfq is highly promiscuous. However, the 
concentration of different RNA species in the cell will make the greatest impact on the 
population of RNA bound to Hfq. One can envisage that these two models occur 
simultaneously, where Hfq is continuously liberated by RNase E and degradosome degradation 
while the RNA population in the cell is constantly titrating each other from Hfq, thus allowing 
the cell to rapidly adapt to changing environments.  
  More recently, deeper investigations into Hfq function have attempted to link structural 
elements to the functional patterns seen in various binding assays as described above. Most 
notably, Hfq’s unstructured acidic tails have been shown to have an autoinhibitory function 
(Santiago-Frangos et al, 2019; Santiago-Frangos & Woodson, 2018). The acidic tails can mimic 
the phosphodiester backbone and sweep across the rim, displacing any weakly binding RNA 
by electrostatic repulsions. Like any unstructured regions, divergence of the Hfq tails between 
species is more pronounced than structured regions. However, in most species of Hfq, though 
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tail length varies significantly, similar acidic residues can be found, suggesting that the tails are 
indeed functionally relevant (Santiago-Frangos et al, 2019). In addition, more evidence of RNA 
remodelling by Hfq has been published. dgcM mRNA has been shown to be regulated by the 
sRNAs OmrA/OmrB (Hoekzema et al, 2019). Without Hfq, the 5’ end of dgcM base pairs with 
a downstream segment which makes a large loop that contains two stem-loops itself (Figure 
11). The first stem-loop sequesters the start codon while the downstream stem-loop shortens 
the sRNA binding region. Upon only Hfq binding, the stem-loops open, allowing for sRNA 
binding, thus committing the mRNA to the fate of degradation (Figure 11). Recent evidence 
has also been collected for Hfq binding to the bacterial chromosomal DNA (Orans et al, 2017). 
The proposed function of this mode of binding is to compact the DNA and organize it. However, 
more in vivo evidence is needed to ascertain whether this phenomenon is simply a physical 
association or if it indeed has physiological implications. 
Figure 11:  Schematic of dcgM 5 'UTR remodelling by Hfq  
 
  Though well described through functional studies, structural studies of Hfq with sRNAs 
or mRNAs are few. To date, there are only three crystals structures of Hfq in complex with 
RNA, two of which used synthetic RNAs designed to bind a specific face of Hfq 
(Dimastrogiovanni et al, 2014; Link et al, 2009; Wang et al, 2011). Physiologically, the 
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interactions between sRNAs and Hfq are more diverse than what current structural data shows. 
sRNAs bind Hfq in a variety of different ways and can be classified based on their Hfq binding 
mode. Class I sRNAs can bind Hfq through the proximal face as well as the rim, while class II 
sRNAs bind Hfq through the proximal and distal faces (Updegrove et al, 2017). Only one 
structure of an sRNA bound to Hfq has been experimentally determined. Dimastrogiovanni et 
al published the crystallographic structure of RydC bound to the proximal face of Hfq in 2014. 
The structure of both the distal face and rim binding sites of Hfq bound to native RNA is 
therefore currently undescribed. The tails of Hfq are also highly unstructured and mobile, and 
thus their mechanisms of action, though biochemically understood, is structurally obscure. In 
addition, mRNA binding modes of Hfq have also eluded structural determination, as these 
RNAs are much larger than sRNA. Thus, though we understand the mechanism behind Hfq’s 
function, its finer details remain mysterious.  
  One of the most important protein partners of Hfq is the RNA degradosome. Hfq has 
been shown to recruit the RNA degradosome when bound to an mRNA and its target sRNA 
(Bandyra et al, 2013). However, the method by which Hfq interacts with the degradosome is 
still unclear. Without the RNA degradosome, sRNAs and Hfq cannot carry out their respective 
functions as the RNA degradosome is the effector of many sRNA functions by degrading the 
sRNA target of repression. Unsurprisingly perhaps, most of the cellular Hfq is in proximity to 
the membrane (Diestra et al, 2009). Localization of Hfq to the membrane could potentially 
support Hfq’s close functional association with the RNA degradosome, which is itself tethered 
to the membrane. Hfq has been shown to bind to the C-terminal of RNase E (Ikeda et al, 2011). 
Residues 711-750 of RNase E are required for ptsG mRNA degradation, which also requires 
Hfq mediation. The peptide from residues 711-750 can bind Hfq independently of RNA 
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presence, suggesting that Hfq can associate transiently with RNase E intracellularly by itself 
(Ikeda et al, 2011). More interestingly, recent studies have suggested that Hfq can also bind to 
the less well studied KH and S1 domains of PNPase (Bandyra et al, 2016). Contrary to the 
degradative function of PNPase, when bound to the KH and S1 domains, PNPase and Hfq 
confer more protection to sRNAs than sRNAs bound to Hfq alone. Without Hfq, however, 
PNPase will still degrade the very same sRNAs it once protected. These interactions highlight 
the dynamic way in which Hfq interacts with the RNA degradosome for function and also the 
vast amount of information still unknown about Hfq’s dynamic role in global RNA regulation.  
1.4 Small Regulatory RNAs: RyhB, SgrS, and ChiX 
  In E. coli, sRNAs comprise a class of RNAs from around 40 nt to 500 nt in length 
(Viegas & Arraiano, 2008; Vogel & Wagner, 2007). According to Regulon DB, there are 
currently 117 sRNAs and 235 sRNA mediated genomic interactions which are described to date 
(Santos-Zavaleta et al, 2019). Most of these interactions have only been discovered within the 
last decade. As better sRNA identifying software emerge, many sRNAs and their interaction 
partners will no longer remain hidden and thus require further research for a thorough 
understanding. sRNAs not only have a variety of lengths and structures, but they also have a 
variety of mechanisms of action (Figure 2). Most sRNAs base pair to mRNAs and target it for 
degradation, but sRNAs can also protect mRNAs and aid in translation initiation as well (Kavita 
et al, 2018). Most commonly, sRNAs will base pair with the mRNA next to the Shine-Dalgarno 
sequence in the 5’-UTR to obscure the ribosomal binding site and prevent translation initiation 
(Massé et al, 2003). As translation initiation cannot occur, polysomes thus cannot form on these 
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naked mRNAs, making them vulnerable to attack by RNases. Similarly, sRNAs can base pair 
to mRNAs downstream of the translation initiation site, stalling initiation and causing 
degradation (Pfeiffer et al, 2009). Interestingly, sRNAs can also change the population of 
translated proteins within an operon (Desnoyers et al, 2009). Some sRNAs have been found to 
bind in the UTRs between two proteins-coding regions in one operon, causing translation to be 
halted for one protein but not others (Papenfort et al, 2013). Other times, mRNAs may protect 
themselves from degradation by hiding their RNase E cleavage site in structured loops 
(Desnoyers et al, 2009). sRNA binding to these structured loops can expose RNase cleavage 
sites which are otherwise inaccessible in the native conformation, rendering the mRNAs 
vulnerable or can create “alternative splicing” for prokaryotes (Desnoyers et al, 2009). At the 
other end of the spectrum, sRNAs can also activate translation. Some mRNAs bury their Shine-
Dalgarno sequence in secondary structure, thereby preventing ribosomal access. sRNAs, with 
the aid of Hfq, can remodel complex RNA structures, thus freeing up sequences required for 
ribosome binding and translation initiation (Morfeldt et al, 1995; Prévost et al, 2007). Not only 
do sRNAs regulate mRNA lifetimes and translations, sRNAs may also regulate the functions 
of other sRNAs as well (Lalaouna et al, 2015). LeuZ functions as a sRNA sponge to base pair 
with at least two sRNAs and target them for degradation once bound, adding another layer to 
post-transcriptional regulation by sRNAs. Similarly to LeuZ, sRNAs can posesss more than one 
target RNA, and can exert different effects on them as well (Lalaouna et al, 2018; Wang et al, 
2015). Hence, the web of RNA-mediated post-transcriptional regulation is vastly complex. 
Deeper research needs to be done to further understand how the cellular population of sRNAs 
are made and respond to various internal and external signals.  
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Figure 12:Schematic of the most common ways of sRNA maturation  
 
  sRNAs are not only diverse in function, they are also diverse in the ways they are created 
(Figure 12). Many sRNAs contain their own ORFs which allows for independent transcription 
regulation (Antal et al, 2005; Delihas & Forst, 2001; Suzuki et al, 2015). For other sRNAs, the 
transcribed RNA is longer than the functional sRNA and needs to be cleaved for full 
functionality (Moores et al, 2017). For example, DrrS is a sRNA in Myobacterium tuberculosis 
which functions as a 109 nt RNA. However, researchers noted that the 3’-terminal of the RNA 
cannot efficiently terminate by itself or recruit termination factors. At the same time, repetition 
of the 6nt at the 3’end of the physiologically active RNA led to elongation of the functional 
RNA, which suggested that these nucleotides formed a cleavage site. These observations led to 
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the discovery of the full transcript, DrrS+, which is heterogenous in length with the most 
prominent species at around 273 nt long. Drrs+ thus must undergo cleavage to become its 
mature form of at 109 nt in length.   
  Aside from sRNAs with their own transcriptional regulators, sRNAs can also be 
processed from the UTRs of mRNAs (Figure 12C) (Chao & Vogel, 2016). One recent example 
is found in the Cpx pathway, which is the pathway implicated in the stress response to cell 
envelope protein misfolding. CpxQ, a 60 nt sRNA, is released from the 3’-UTR of the mRNA 
cpxP during degradation (Chao & Vogel, 2016).  The protein CpxP acts as a chaperone to 
misfolded outer membrane proteins, while the sRNA CpxQ negatively regulates expression of 
outer membrane proteins such as NhaB (sodium porin), fimA (fimbrin filament implicated in 
bacterial attachment to host cells), and Skp (outer membrane chaperone protein) (Chao & 
Vogel, 2016).  The inclusion of sRNAs in UTRs give cells more flexibility and control of 
protein translation. In this case, two regulatory factors are derived from the mRNA cpxP, one 
protein and one RNA, both exerting the same pressure on the cell but at two locations, the outer 
membrane and cytoplasm. This property makes one mRNA doubly as effective while using less 
resources, making the cell more responsive to stimuli.  
Figure 13:  Simlpf ied schematic of iron metabolism in the cell  
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  The three sRNAs more intimately studied in this thesis are RyhB, SgrS, and ChiX, each 
responsible for three different signal responses: iron levels, glucose-phosphate levels, and chitin 
availability respectively (Bobrovskyy & Vanderpool, 2014; Chareyre & Mandin, 2018; Suzuki 
et al, 2015). RyhB is the key iron regulator in many bacteria, and thus is essential for cellular 
viability (Chareyre & Mandin, 2018). Iron is extraordinarily important for cell survival, yet 
mismanagement of the cellular iron levels can lead to death (Figure 13) (Oglesby-Sherrouse & 
Murphy, 2013). Fe3+ is the most abundant form of iron in the environment, but it is biologically 
inaccessible. All living organisms require the reduced form of iron which is Fe2+. To reduce 
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Fe3+ to a biologically relevant state, many bacteria produce siderophores. However, often times 
biologically active iron is limited as competing organisms produce their own iron chelators to 
sequester iron from other organisms nearby (Oglesby-Sherrouse & Murphy, 2013). Thus, iron 
homeostasis must be sensitive, effective, and fast acting. RyhB is at the heart of iron metabolism 
in bacteria, as it regulates a host of genes all related to iron utilization in some way (Massé et 
al, 2005). RyhB is a 90 nt RNA controlled by its own operator which is repressed by Fur, the 
key iron regulating transcription factor (Massé & Gottesman, 2002). When bound to Fe2+, Fur 
is active and represses RyhB expression. When Fe2+ levels are low, Fur is inactive and RyhB is 
expressed. RyhB negatively regulates a variety of targets mRNA which encode proteins that 
require Fe2+ for their functions, such as sodB, sdh, sdhCDAB, and many more (Wang et al, 
2015). Through binding to Hfq and RNase E, RyhB targets these mRNAs for degradation. 
Simultaneously, RyhB also upregulates synthesis of proteins related to motility, iron uptake, 
and membrane proteins to extract iron from the environment. As RyhB requires both Hfq and 
the RNA degradosome to function (Deng et al, 2014; Morita & Aiba, 2011), it is an optimal 
target for investigation to understand the channels of communication between sRNA, Hfq, and 
the degradosome. In addition, RyhB controls the degradation and translation of more than 30 
different mRNAs in multiple modes (Wang et al, 2015), making it an important target for 
understanding the intricacies of post-transcriptional regulation.  
Figure 14:  Simplified schematic of phosphosugar stress response mediated by  Sgr S 
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  In addition to iron stress, sRNAs also control other important processes such as glucose-
phosphate response. In particular, the major effector of the glucose-phosphate response is SgrS 
for enterobacteria (Figure 14) (Bobrovskyy & Vanderpool, 2014). SgrS is a 227 nt long sRNA 
which is produced during glucose-phosphate stress (Vanderpool and Gottesman, 2007). 
Glucose-phosphate stress in bacteria is characterized by accumulation of phosphate sugars such 
as glucose-6-phosphate. SgrS’s primary function is to downregulate uptake of glucose and 
promote growth and energy metabolism, thus using up and eliminating the phosphate sugars by 
targeting the mRNAs of various glucose transporters and other metabolic enzymes (Papenfort 
et al, 2013). Currently, the described targets of SgrS include ptsG, the mRNA required for 
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glucose transporter PTS, manXYZ, a nonspecific glucose transporter, and yigL, a phosphatase 
(Bobrovskyy & Vanderpool, 2014). While ptsG and manXYZ are downregulated, yigL is 
upregulated. Interestingly, the sRNA SgrS can also encode a small protein called SgrT, which 
inhibits PtsG to block glucose import (Lloyd et al, 2017). SgrS acts upon manXYZ and ptsG in 
canonical ways, through base pairing with Hfq and recruitment of RNase E for endonucleolytic 
cleavage, then complete degradation with the degradosome (Rice & Vanderpool, 2011). 
However, when base paired with yigL, SgrS has a stabilizing function (Papenfort et al, 2013). 
The yig operon undergoes dicistron processing, after which yigL becomes destabilized. SgrS 
and Hfq binding to yigL obscures a second RNase E cleavage site, which protects the mRNA 
from complete degradation and allows YigL to be translated. The complex web of regulation 
controlled by SgrS showcases the important dynamics of Hfq, sRNAs, RNase E, and the RNA 
degradosome and how communication between the three elements is essential for life. 
Figure 15Schematic of chitosugar in take regulation involv ing ChiX  
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  One structurally interesting sRNA is ChiX, a class II sRNA which can bind to both faces 
of Hfq (Schu et al, 2015). Unlike SgrS and RyhB, ChiX serves a much more specific role in 
mediating post-transcriptional regulation (Figure 15) (Suzuki et al, 2015). Chitosugar 
metabolism is controlled by two operons, the chiPQ and chbBCARFG operons (Plumbridge et 
al, 2014). chiPQ encodes the chitoporin ChiP which is required for cellular intake of 
chitosugars. chbBCARFG encodes both a PTS transporter (chbBCA) and a series of metabolic 
enzymes used to extract energy from chitobiose (chbRFG). ChiX, with the aid of Hfq, binds to 
the Shine-Dalgarno sequence of the chiPQ operon to inhibit translation initiation and begin 
degradation by recruitment of RNase E and the RNA degradosome. In addition, ChiX also binds 
to the mRNA chbBCARFG after chbB, which silences translation. However, when 
chbBCARFG expression is upregulated by release from transcription factors such as NagC, the 
mRNA is created then degraded (Figueroa-Bossi et al, 2009). Degradation of chbBCARFG 
creates a smaller segment of RNA which sequesters intracellular ChiX. Upon ChiX binding, 
the mRNA fragment-sRNA duplex is then subjected to degradation through the degradosome, 
with ChiX being degraded as well. Thus, the amount of cellular ChiX is lowered and repression 
of chiPQ is relieved. The cell can then intake and metabolize chitosugars as a new energy 
source. Recent studies have suggested that class I sRNAs like SgrS and RyhB serve more as 
emergency responders while class II sRNAs like ChiX serve as silencers due to a difference in 
binding affinity (Schu et al, 2015). Where class I sRNAs may have many binding partners, class 
II sRNAs have fewer binding partners but may bind in a more robust way, and could potentially 
displace class I sRNAs from Hfq. Nevertheless, all classes of sRNAs utilize Hfq and the 
degradosome for their function to a certain degree. Thus, understanding the interactions 
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between these three elements is essential for understanding the broader scope of sRNA 
mediated post-transcriptional regulation.  
  During its life cycle, a bacterium can experience many different stresses from the 
environment, most of which require a rapid response time. Mediating responses at the 
transcriptional level can take on the scale of hours, whereas mediation of post-transcriptional 
responses allows cells to adjust to the environment in minutes. For example, after induction of 
β-galactosidase expression by IPTG, maximum levels of β-galactosidase activity is reached in 
three hours (Marbach & Bettenbrock, 2012). Thus, RNA metabolism is essential for bacterial 
survival and proliferation. Two of the main players of post-transcriptional regulation and RNA 
metabolism are the multi-enzyme RNA degradosome and Hfq. With the help of various sRNAs, 
the RNA degradosome and Hfq can change the cellular populations of mRNAs in a rapid and 
controlled manner. Though a lot of research has been performed on these proteins, there still 
remains binding and structural properties which have yet to be described. The aim of this thesis 
is to further investigate the relationships between the RNA degradosome, Hfq, and sRNAs. 
Specifically, the structure and function of Hfq bound to ChiX and the ternary complex was 
studied, as well as the broader function of RhlB in the context of the degradosome through the 
subassembly of the ternary complex.  
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2 RHLB ACTIVITY IMPACTS E. COLI GROWTH 
2.1 Introduction 
  To gain insight into the cellular functions of the RNA helicase RhlB, I used a loss of 
function point mutation in the DEAD-box of the helicase core to study its broad impact on 
cellular physiology and stress response. The D-E-A-D motif is essential for ATP hydrolysis, 
and point mutations in the motif have been shown to abolish ATPase activity for numerous 
members of the DEAD-box helicase family (Pause & Sonenberg, 1992). More specifically, 
swapping the glutamate to glutamine in the DEAD-box renders helicases non-functional. A 
close homologue of RhlB, the Vasa helicase from Bombyx mori, was inactivated with the 
DEAD -> DQAD substitution which stopped the release of hydrolysed ATP and consequently 
trapped the enzyme in a closed conformation while bound to RNA (Xiol et al, 2014). Using this 
mutation, the authors not only managed to crystallize RNA bound Vasa but also discovered 
transient protein-RNA complexes in vivo involving the DEAD-box helicase. I hoped to use the 
same mutation to both inactivate the RhlB helicase catalytic activity and trap it in a complex 
with RNA substrates. 
  To investigate the in vivo function of RhlB, chromosomal mutants at the DEAD box of 
the enzyme were generated and the impact on E. coli cell growth assessed. The mutant cells 
were grown alongside isogenic WT cells and growth was measured by recording light 
absorbance at 600 nm (which is related to particle scattering). As RhlB is an integral component 
of the RNA degradosome, mutations in the helicase are expected to potentially change 
degradosome activity (Khemici & Carpousis, 2004). The degradosome is an important mediator 
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of post-transcriptional regulation that enforces sRNA mediated degradation of target mRNAs 
(Bandyra et al, 2012), as well as processively degrading mRNAs destined for recycling. RhlB’s 
role in the degradosome is to aid in the processive degradation of mRNAs by PNPase (Khemici 
& Carpousis, 2004). RNAs targeted for degradation are first cleaved endonucleolytically in a 
hydrolytic process by the N-terminal domain of RNase E, then passed onto the C-terminal 
associated PNPase for processive phosphorolytic degradation. As RNAs are structurally 
complex molecules, they may often contain higher-order secondary and tertiary folds which are 
difficult to degrade. Thus, RhlB plays an important role in RNA degradation by unwinding 
structured segments of RNA, enabling PNPase to function smoothly (Khemici & Carpousis, 
2004). Although RNA degradation is important during regular growth, it is potentially more 
important during periods of stress. The RNA degradosome regulates the half-life of certain 
mRNAs (Bobrovskyy & Vanderpool, 2016; Battesti et al, 2011; Massé & Gottesman, 2002), 
and a functional degradosome is integral for a rapid stress response. Hence, the role of RhlB 
may be more prominently displayed during periods of stress, as disruption to RNA degradation 
may be detrimental to survival under challenging conditions.  
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The RhlB DQAD mutant cells were thus subjected to 
different kinds of stress to assess their response in the 
absence of RhlB catalytic activity. Three different stress 
conditions — acid stress, iron stress, and phospho-sugar 
stress — were selected as the RNA degradosome was 
known to be involved in the stress response of the 
aforementioned conditions (Chung et al, 2006; Battesti 
et al, 2011; Deng et al, 2014; Morita & Aiba, 2011; Rice 
& Vanderpool, 2011). When E. coli cells are grown in a 
low pH of around 5, RpoS is activated as a general transcription factor by sRNAs (Chung et al, 
2006) (Figure 16). Under normal growth conditions, the RpoS levels in the cell are very low 
(Battesti et al, 2011), as RpoS mRNA is very rarely translated and any protein product of the 
transcript is rapidly degraded. The start codon of RpoS is buried under extensive secondary 
structure (Battesti et al, 2011) which prevents ribosomal binding and translation initiation. 
Thus, the bulk of RpoS mRNA is unprotected and rapidly degraded by the RNA degradosome. 
However, under stress conditions, translation of RpoS becomes active (Battesti et al, 2011). 
sRNAs such as ArcZ, DsrA, and RprA are transcribed, which bind to the 5’ end of RpoS, 
releasing the ribosome binding site and allowing translation to begin. Translating ribosomes 
make RpoS protein while simultaneously protecting RpoS mRNA from degradation (Battesti 
et al, 2011). As such, E. coli’s response to low pH involves the activity of sRNAs and the 
functional degradosome to support active degradation which is required for RpoS function. 
Hence, if RhlB activity is required for RpoS degradation, the cellular response to acid stress 
could be disabled or differently executed by the RhlB DQAD mutant. Similarly, under iron 
Figure 16:  E.coli acid shock response and sRNA regulators  of RpoS expression. 
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stress and phospho-sugar stress conditions, both sRNAs and the RNA degradosome are 
involved in stress mediation. By subjecting the mutant and WT cells to stress, I hoped to 
understand under which conditions RhlB is necessary for a rapid cellular response and to what 
extent RhlB is utilized in the stress response.  
  To induce stress artificially, two chemicals were used along with pH-controlled LB 
media (Figure 17). 2,2-bipyridyl is a high affinity chelator of iron, sequestering it from use in 
bacteria. With the addition of 2,2-bipyridyl to the media, cells will experience a depletion of 
biologically available iron which will trigger a measurable stress response. Secondly, α-D-
methylglucoside was used to induce phospho-sugar stress response. α-D-methylglucoside is a 
sugar mimic that, once phosphorylated, cannot be exported and therefore accumulates in the 
cell. When a high level of phosphorylated sugars builds in the cell, SgrS is activated and signals 
for degradation of many different mRNAs such as folE and adiX (Bobrovskyy & Vanderpool, 
2016). Removal of the RNase E C-terminal domain seems to inhibit SgrS regulation of the two 
RNAs (Bobrovskyy & Vanderpool, 2016). Increased expression of folE and adiY — encoding 
GTP cyclohydrolase I and a transcription factor regulating arginine decarboxylase genes 
respectively — was also shown to be detrimental to cell growth during phosphor-sugar stress 
(Bobrovskyy & Vanderpool, 2016). Thus, we believe that inducing the phosphor-sugar stress 
response in the cell may influence the growth of RhlB DQAD cell lines differently compared 
to WT cell lines, as the response to stress implicates C-terminal constitutive degradation of the 
degradosome. Although bacteria can respond to stress quite rapidly (Massé & Gottesman, 
2002), I wanted to explore first if the inactivation of RhlB may result in a prolonged effect on 
global physiology. Therefore this chapter will examine if inactivation of RhlB creates a 
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measurable impact on the growth of mutant cells compared to WT cells under the 
aforementioned stress conditions.  
 
Figure 17:  Chemical structures of 2,2-bipyridy and alpha-D-methy lglucos ide 
 
2.2 Results 
  To explore the consequences of RhlB dysfunction in live cells, we constructed, with 
collaborators in Toulouse (Carpousis laboratory), two strains of Escherichia coli with 
chromosomal mutations using the lambda red recombination system (Datsenko and Wanner, 
2000). The mutant strains contained a point mutation at nucleotide 498 of rhlB, creating the 
RhlB E166Q genotype. A kanR cassette was inserted after the RhlB E166Q gene to be co-
transcribed, and either a streptavidin binding tag or a hemagglutinin tag was added to the N-
terminus of RNase E (Figure 18 and Table 1). The affinity tags were introduced into the RNase 
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E gene with the plan of attempting pull downs for future analysis of the bound RNA once 
optimal growth conditions of mutant and parental strains could be identified. To evaluate 
growth characteristics in liquid culture, the OD600 was measured every 30 minutes until the 
readings reached around 1 unit, or cells showed signs of dying with decreasing OD.  
 
Figure 18:  The chromosomal organization of the mutants .  
 
 
Table 1. List of strains used in this study 
Table 1: Lis t of strains  used in this stufy  
Background NCM3416 (Soupene et al, 2003). 
SAJ103 
rhlB (DQAD)-kan. This kan marker is co-transcribed with RhlB and 
cannot be removed. 
SAJ104 rne-STREP, rhlB (DQAD)-kan. 
SAJ122 rne-HA, rhlB (DQAD)-kan 
WT K12 (MG1655) 
SAJ104 and 122 were made by phage P1 transduction. 
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  Each cell line was grown under five conditions including a control (grown in LB media 
only). The conditions of interest tested were acid stress, iron stress, combined acid and iron 
stress, and combined acid and phospho-sugar stress (Figure 19). Unexpectedly, both mutants 
seemed to grow faster than the WT cells under all stress conditions. In iron stress conditions, 
the discrepancy between the growth rates seem to be diminished when compared to the 
discrepancy between the growth rates in control conditions (Figure 19B, Table 2). In conditions 
of acid stress, no change in growth discrepancy was noted. With compound conditions (i.e. 
growth in the presence of multiple stressors) all E. coli strains, both mutants and WT, had 
significantly slower rates of growth (Table 2). In the case of both acid and iron stress, all cell 
lines seem to experience a decline in population during the log phase, with HA tagged mutant 
cells having the most dramatic population drop (Figure 19D). In the presence of both acid stress 
and phospho-sugar stress, the difference in growth between mutant cell lines and the WT cell 
line seems to be exacerbated (Figure 19E) compared to the difference in growth rate of the cells 
when grown in LB. 
Figure 19:  Graphs comparing the growth of three different strains of E.coli  in d ifferent conditions  
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Figure 20:  Growth curve show ing the effect of each additive on indiv idual s trains  
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Figure 21:  Graphs show ing the effect of compound stress on different strin s of cell  
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  Comparing the relationship between different kinds of stress placed upon a single cell 
strain, a different picture emerges (Figure 20). The stress that delays cell growth the most is 
acid stress in all cell lines. Note that while 2,2-bipyridyl has no effect on the mutant cells, it has 
a slight positive effect on WT cells (Figure 20 and Table 2). Though a slight difference can be 
seen, note that the error bars of no additives versus 2,2-bipyridyl plots in both Figure 20B and 
Figure 20C overlap, suggesting that more data is needed to make a definitive statement about 
whether the difference is meaningful. 
  Figure 21 shows the effect of compound stressors on the growth of mutant and WT cells. 
Each subplot shows the growth of one cell line under three different conditions. The three 
conditions plotted are acid stress, acid plus iron stress, and acid plus phosphor-sugar stress. In 
all plots, combined acid and iron depletion stress was the most debilitating condition for cell 
growth. All cell strains showed population decline towards the end of the plot. With combined 
phosphor-sugar and acid stresses, the three strains respond differently. WT cells showed slowed 
growth whereas both mutant cell strains showed slightly faster growth under both stressors 
present compared to only acid stress. Like the plot above, there are overlaps in the error bars, 
suggesting that further investigations need to be done for a definitive conclusion. 
 
 
 
 
 
Chapter 2: RhlB Activity impacts E. coli Growth 
 
 
 
 
 
 
Zi Ran Shen - January 2020   65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Lag time, maximum doubling time, entry into stationary phase/death phase of each  
  strain in all conditions (min). 
Table 2: Lag time, maximum doub ling time, entry into stationary phase/death phase of each strain in al l conditions (min(.  
              Cell line 
Additive   
Isogenic WT rne-HA, rhlB(E166Q) rne-Strep, rhlB(E166Q) 
 
No additives 
Lag time:  N/A Lag time:  N/A Lag time:  N/A 
Max doubling time: 91.2 Max doubling time: 55.5 Max doubling time: 63.2 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
 
2,2-bipyridyl 
Lag time:  N/A Lag time:  N/A Lag time:  N/A 
Max doubling time: 49.1 Max doubling time: 59.1 Max doubling time: 60.8 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
 
pH 5.0 
Lag time:  180 Lag time:  180 Lag time:  180 
Max doubling time: 159.6 Max doubling time: 146.9 Max doubling time: 126.8 
Towards Understanding Helicase and Chaperone Activities in the RNA Degradosome 
 
 
 
 
 
 
66  Zi Ran Shen - January 2020 
 
 
 
 
 
 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
 
2,2-bipyridyl + 
pH 5.0 
Lag time:  180 Lag time:  180 Lag time:  180 
Max doubling time: 61.8 Max doubling time: 46.5 Max doubling time: 53.9 
Stationary/death 
phase entry time:  
 
510 
Stationary/death 
phase entry time:  
 
450 
Stationary/death 
phase entry time:  
 
N/A 
 
α-D-
methylglucoside 
+ pH 5.0 
Lag time:  180 Lag time:  180 Lag time:  180 
Max doubling time: 107.3 Max doubling time: 77.9 Max doubling time: 82.7 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
Stationary/death 
phase entry time:  
 
N/A 
 
  Though growth curve plots provide an accessible visual to the health of the cells under 
various growth conditions, descriptions of lag time, max doubling time, and entry into 
stationary/death phase time (Table 2) are more apt descriptors of overall population health. Lag 
time was calculated as the last timepoint in which no increase in OD600 was measured, while 
entry into stationary/death phase was calculated as the first timepoint in which OD600 fell 
below the previous timepoint. Max doubling time was calculated using the formula Dt = t/n, 
and Nt=N0(2)
n, where Dt = doubling time, t= time, n=number of generations (2), Nt = OD600 
after t has passed, and N0 = initial OD600. Dt was calculated during log phase (OD of 0.6), and 
thus N0 and Nt were taken at the time points immediately before and after OD crossed 0.6.  
  In most of the reported growth curves, data was collected from the log phase, and thus 
only maximum doubling time is presented. In Table 2, maximum doubling time of rne-HA or 
rne-Strep tagged rhlB E166Q are usually within 10 minutes of each other, with the exception 
of pH 5.0. However, the maximum doubling rate of isogenic WT is much higher than either 
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tagged mutant strain, ranging from around 10 mins (pH 5.0 + 2,2-bipyridy) to around 30 mins 
(no additives) longer. One notable exception is the 2,2-bipyridyl condition, where the WT strain 
grew at a faster rate than the mutant strains. A lag time in bacterial growth only appeared in 
acid stressed conditions. However, increasing the amount of stress or differences in the strains 
did not change the lag time. For most conditions, entry into stationary/death phase was not 
recorded. Entry into stationary/death phase was only recorded in the compound condition of 
acid stress and iron stress. Both the WT and the rne-HA mutant were affected. WT cells entered 
stationary/death phase after 510 minutes of inoculation, while rne-HA mutant entered 
stationary/death phase after 450 minutes. Though rne-Strep tagged mutant did not enter 
stationary/death phase conclusively, there was a marked stall in cellular growth at 450 minutes 
after inoculation. These data taken together suggest that, generally speaking, RhlB E166Q 
mutants grow faster than WT cells. Acidic conditions delay the cell’s entry into log phase, and 
acidic conditions plus iron depletion are the most detrimental to cell growth, with WT cells 
being slightly less susceptible to population death than mutant cells despite mutant cells having 
a faster growth.  
2.3 Discussion 
  Though mutant strains and the WT strain display broadly similar growth profiles, small 
differences in growth rate can be seen in the results. The WT cells, broadly speaking, grow 
slower than the mutant cells. However, the mutant loses its capacity to grow faster than the 
parental strain under iron-starvation conditions, where WT cells seem to grow at an accelerated 
rate induced by the removal of iron, whereas mutant cells are unaffected. All cells grow at a 
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much slower rate in LB with a pH of 5.0, but with the addition of α-D-methylglucoside, mutant 
cells seem to increase in growth rate while WT cells decrease (Table 2). The pertinent question 
in this case is to ask whether these results can be attributed to the mutation generated on RhlB 
or whether these results arose from secondary effects due to the difference in genetic 
background. Several differences in the genetic background can be found, some resulting from 
engineering and others not. The understanding of the effects of these background changes may 
elucidate the overall effect that the RhlB E166Q point mutation has in the cell.  
  Firstly, E. coli MG1655 and NCM3416 are different. Previously, E. coli MG1655 has 
been shown to have certain growth deficiencies when cultured in minimal media.  MG1655 
shows growth deficiencies such as partial pyrimidine requirement, slow growth on galactose, 
and slow growth on glycerol (Soupene et al, 2003). E. coli NCM3416, on the other hand, has 
been corrected for these growth defects and therefore should not display any growth defects 
(Soupene et al, 2003). More recently, this difference in genetic makeup has been shown to cause 
a slower growth in the MG1655 strains as compared to the NCM3416 strains (Hadjeras et al, 
2019). Thus, it is highly likely that the patterns in growth discrepancies seen in the results is a 
product of the different genetic makeup between the WT isogenic strains and the mutant RhlB 
E166Q strains rather than the point mutation itself. Interestingly, the deficiency in growth rate 
was abolished upon addition of 2,2-bipyridyl. One possible explanation for this increase in 
growth may be the pyrimidine requirement shown by MG1655 strains (Soupene et al, 2003). 
Upon induction of iron stress, many mRNAs are degraded to conserve iron (Wang et al, 2015). 
Degradation of these mRNAs may in fact provide the necessary pyrimidines for optimal cellular 
function, and thus increase the growth rate to match that of the mutant cell lines in the 
NCM3416 background.  
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  Other genetic differences between the WT strains and the mutant strains consist of scars 
and tags which have been introduced to the mutant chromosome during the creation of the 
mutant strains. Though it is possible that the presence of the tags has caused the discrepancies 
shown in the growth curve, it is highly unlikely that either addition affects the growth in any 
significant way. The two differently tagged strains behave in a similar way as shown in the 
results. Additionally, RNase E has been previously tagged with many different tags on the N-
terminal without disturbance to degradosome function (Hadjeras et al, 2019; Khemici et al, 
2008). The scars were engineered to be created in untranslated regions, and therefore are 
unlikely to disrupt protein function.  
  Other considerations concerning the RhlB E166Q contribution to the difference in 
growth rate include how disruptive the mutation is to the function of the protein as well as how 
essential the protein is in the cell. Previous studies have shown that deletion of RhlB simply 
increased the population of certain structured untranslated regions of mRNAs in the cell 
(Khemici & Carpousis, 2004), and thus, engineering a point mutation on RhlB may cause a 
similar effect which may not have exerted a noticeable effect on cellular growth rate. With all 
considerations taken into account, the discrepancies in growth rate seen in the results are 
unlikely to be caused directly by the RhlB E166Q mutation. Experiments focusing on short 
term sRNA response and global RNA sequencing may yield more information regarding the 
general role of RhlB in the cell.  
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2.4 Materials and Methods 
2.4.1 Lambda Red recombination  
  Lambda Red recombination was performed on E. coli K12 strains containing His and 
Strep-tagged RNase E kindly made by our collaborators in Toulouse, AJ Carpousis and 
colleagues. The list of primers is shown below in Table 3. PCR was performed using designed 
primers for E. coli K12 genomic DNA. PCR products were purified by gel-extraction. PCR 
products were transformed into pre-existing strains which contained pKD46 provided by our 
collaborator AJ Carpousis by electroporation. pKD46 provides the 1,894 nt (31348–33241) and 
2,154 nt (31088–33241) region of bacteriophage phage λ under an arabinose promoter 
(Datsenko & Wanner, 2000). Transformed cells were grown in SOC at 37ºC for 2 hours to 
induce homologous recombination. Transformed cells were then plated onto kanamycin plates 
to select for recombinant cell lines. Recombinant cell lines were then streaked onto ampicillin 
plates to check for loss of pKD46 plasmid. Appropriate cell lines were checked for genomic 
mutation by sequencing. 
Table 3. List of primers used in strain construction 
Table 3: Lis t of primers u sed in s traun construction  
Primer 
name 
Primer sequence (5’ - 3’) Primer usage 
OAJ9s GCGTGTTGGTTTCGTTGTTGG Amplifies 1757 bp region containing 
rhlB 
OAJ10s GTAGCGACAACGCGAATTTGC 
OAJ11e GCCGCTCCTGCGCGTCCGCAACCTGTTGAGT
GGAGCCACCCGCAGTTCGAAAAATAGTAAT
GTAGGCTGGAGCTGCTTCGA 
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OAJ12e TGGCAGTTACCAGGGCTTGATTACTTTGAG
ATATGAATATCCTCCTTAGTTCC 
Amplifies 1102 bp for rne-STREP 
construction 
OAJ18e CTCGGTGCCATTCAGGTGGTGGTACTGGAC
CAGGCCGATCGCATGTACGATCTG 
Amplifies 828 bp product from rhlB: 5’ 
DQAD, 3’ crossover 
OAJ19e CAGTAATACAAGGGGTGTTATGAG 
OAJ20s GATACAGTTTGAATGATTTTGAGTATG Amplifies 873 bp product from 
pACYC177: 5’ crossover, 3’ rhlB/gpp 
homology 
OAJ21s CTCGGTGCCATTCAGGTGGTGGTAC Amplifies 1677 bp product from rhlB-
DQAD kanR crossover 
OAJ22e GATACAGTTTGAATGATTTTGAGTATGACAT
TTTTTATTTAGAAAAACTCATCGAGCATCAA
ATG 
Amplifies 873 bp product from 
pACYC177: 5’ crossover, 3’ rhlB/gpp 
homology 
OAJ23s CTCGGTGCCATTCAGGTGGTGGTAC Amplifies 1677 bp product from rhlB-
DQAD kanR crossover 
2.4.2 Cell growth 
  WT cells were streaked onto LB-Agar plates. Mutant cells were streaked onto LB-Agar 
plates with 30 μg/mL of kanamycin. All plates were incubated at 37°C over 16 h. Following 
incubation, one colony was picked and grown in 5 mL of LB (for WT cells) or LB plus 30 
μg/mL of kanamycin (for mutant cells). Inoculated starter cultures were grown at 37°C over 16 
h with aeration. Starter culture was added to cultures containing the appropriate condition at a 
1:100 ratio. Three cultures were grown for every condition and cell strain. Stress condition 
cultures were incubated at 37°C with aeration. OD600 was measured every 30 min after 
inoculation.  
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3 BIOPHYSICAL AND PHYSIOLOGICAL 
ANALYSES OF RHLB E166Q MUTANT 
3.1 Introduction 
  Following the unsuccessful attempt to understand the cellular role of RhlB through 
growth rate measurements, I attempted to characterize the biochemical properties of the RhlB 
E166Q mutant to verify whether it significantly impacts RhlB function. In the report of Xiol et 
al (2014), Vasa — an insect homologue of RhlB — captured transiently associating piwi 
complexes with an E to Q point mutation in the Walker B motif. This simple mutation blocked 
the release of bound RNA from the Vasa helicase, as the substituted glutamine residue creates 
an extra H-bond with the inorganic phosphate liberated by ATP hydrolysis. Preventing the 
release of the inorganic phosphate prevents the transition to an open configuration of the two 
RecA domains with concomitant release of bound RNA. Using this mutant as an investigative 
tool, the authors were able to identify and characterize the highly transient Amplifier complex. 
Through engineering the same mutation onto E. coli RhlB, I anticipated a similar effect — 
clamping of the helicase onto RNA may be achieved. Currently, the full extent of RhlB’s 
participation in the degradosome’s degradative, processive, and surveillance activities has yet 
to be defined. As RNAs are numerous, diverse in structure and function and are expected to 
interact with RhlB only transiently, many RNA substrates of the helicase may remain to be 
discovered. A RhlB RNA clamp could be used to elucidate transient RhlB-RNA complexes 
which may be otherwise difficult to capture by conventional methods. 
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  Though the analysis of the mutant E. coli RhlB E166Q growth in liquid culture was 
inconclusive, biophysical properties associated with the catalytic inactivation of the enzyme 
may still yield interesting characteristics. In particular, I wanted to investigate whether the 
E166Q mutation changes the Kd for RhlB binding to RNA, similar to the effects seen by Xiol 
et al in the mutation of the Drosophila Vasa helicase. Using this knowledge, I then hoped to 
identify RNAs which are bound to RhlB in vivo. To investigate how tightly RhlB bound to 
RNA, I chose the intergenic region between malE and malF as the RNA binding target. malEFG 
encodes three different proteins which make up the ABC transporter responsible for importing 
extracellular maltose (Bedouelle et al, 1982). The malEFG operon is under the post-
transcriptional regulation by the RNA degradosome, making it a highly relevant target. 
Moreover, RhlB has been shown to be specifically implicated in the degradation of structured 
intergenic regions between malE and malF (Khemici & Carpousis, 2004). Using MalEF as the 
RNA binding target, I compared affinities for WT and mutant RhlB. I utilized the same mutant 
described in the previous chapter in an attempt to capture transiently associated RNAs on RhlB 
in vivo.  
  To more accurately mimic the in vivo activity of RhlB in vitro, I used a complex 
representing a subassembly of the degradosome that encompasses the RNA binding and 
helicase functions. This assembly consists of RNase E amino acids 603-850, RhlB, and enolase 
(denoted as the ternary complex) (Figure 9). RhlB ATPase activity has been shown to increase 
upon binding to the RhlB binding site on the RNase E C-terminal domain (Chandran et al, 
2007). Thus, addition of RNase E 603-850 in complex with RhlB may yield a more accurate 
description of RhlB activity in vivo. Enolase was also added as it was found to potentially 
modulate binding of certain RNAs (Morita et al, 2004; Murashko and Lin-Chao, 2017). 
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Together, these three elements may more accurately represent the activity of RhlB bound to the 
C-terminal domain of the RNase E in the degradosome assembly.  
3.2 Results 
3.2.1 Expression and purification of the ternary complex (Bruce et al, 2018) of RhlB, 
enolase and the recognition segment of RNase E  
  To investigate RNA binding by RhlB within the context of the RNA degradosome, I 
prepared the stable complex of the helicase with enolase and the recognition segment of RNase 
E, encompassing residues 603 to 805 (Bruce et al, 2018) (Figure 22).  
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Figure 22:  Purif ication of ternary complex 
3.2.2 RNA binding  
  To evaluate RhlB interactions with RNA, an EMSA was performed with MalEF at 
constant concentration pre-incubated with increasing concentrations of WT ternary complex 
and ternary complex including RhlB E166Q. The best EMSA results were obtained with 
agarose rather than polyacrylamide as support matrix (results not shown), and Figure 23 shows 
a representative agarose gel stained with SYBR gold dye to visualize RNA. Two titrations were 
run on one gel. The left half of the gel showed the shift of RNA with increasing amounts of WT 
RhlB, while the right half of the gel showed the shift of RNA with increasing amounts of RhlB 
E166Q. Significant bands are highlighted in a red rectangle. From the gel, binding of RhlB 
E166Q to MalEF is evidently tighter than WT RhlB binding. Interestingly, binding of RhlB to 
MalEF seems to be in a ratio of 1:1 despite MalEF being quite long (2.8 knt) as only one higher 
order band is seen at physiologically relevant concentrations of RhlB. However, when RhlB 
E166Q concentration is at 10x RNA concentration, a faint band can be seen above the dominant 
shifted band. These data suggest that the mutant RhlB has a preferred binding site on MalEF 
but will bind other sites with much lower affinity. As the affinity of WT RhlB for MalEF is 
much lower than that of the mutant, it is unlikely that the binding site can be saturated by the 
native enzyme in the absence of ATP. 
 
 
Figure 23:  The effect of the E166Q mutation on RNA bind ing  
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  Using ImageJ, the EMSA gel was analysed in order to estimate the dissociation 
constant. A titration plot was used to determine the Kd, which is shown in Figure 23B and 23C. 
Figure 23B shows the titration plot used to calculate the Kd of WT RhlB and MalEF, while 
Figure 23C shows the plot used to calculate the Kd of RhlB E166Q and MalEF. The Kd 
calculated for the binding between RhlB E166Q and MalEF was around 40 nM. Though the Kd 
could not be calculated for binding between RhlB E166Q and MalEF, it is estimated to be above 
103.6 nM. The mutation, therefore, increases RhlB’s affinity to MalEF by at least 2 times. One 
characteristic of note is the irregular shape plotted in Figure 23B. Many points on the plot 
deviate from the expected shape of a titration curve, which may be due to the weak signal of 
the upper band in the EMSA gel. Thus, the calculated Kd should be interpreted with care. 
However, the low affinity of WT RhlB compared to RhlB E166Q is evident from the gel. 
Though the calculation of the precise increase in affinity is less reliable, there is little doubt that 
RhlB E166Q binds to RNA in a much tighter fashion than WT RhlB.  
3.2.3 UV crosslinking and pulldown 
  Following the positive results obtained in the EMSA, our collaborators in Toulouse 
created a chromosomal point mutation in RhlB along with a 6xHis-FLAG tag at its N-terminus 
to enable in vivo studies of the ‘RNA clamp’. Cells containing the mutation and tags were 
irradiated with 120 mJ/cm2 of 250 nm UV radiation. RhlB was first purified from other cell 
components with a denaturing nickel pulldown. A schematic of the experimental procedures is 
shown in Figure 24A. The pulldown following crosslinking of RhlB was successful, as the 
smear at the top of the Coomassie blue stained SDS-PAGE gel in lane 2 (Figure 24Biii) 
disappears following alkaline hydrolysis. Additionally, the RhlB band appears more prominent 
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in lane 3 following alkaline treatment, suggesting that RNA crosslinked to RhlB has been 
degraded by hydrolysis. Though crosslinking seems to occur, the pulldown yield was very low 
and not sufficiently pure for further analyses (Figure 24B). Attempts to further purify the 
crosslinked protein-RNA complex resulted in a complete loss of product. Thus, more 
experiments are needed to increase the yield of crosslinked RNA to allow for further analyses. 
Table 4: UV crosslinking  an pulldown of RhlB 
Figure 24:  UV crosslinking  and pulldown of RhlB 
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3.3 Discussion 
  E. coli RhlB, when mutated in the DEAD box to DQAD, shows a similar clamping 
behaviour exhibited by mutated insect Vasa helicase. RhlB E166Q displays much higher 
affinity to MalEF than WT RhlB. The structural mechanism behind this change in affinity is 
likely to be the same as the Vasa helicase, as the DEAD box family have highly conserved core 
structures and motifs. RhlB E166Q is therefore also likely to exhibit the same capacity to form 
trapped complexes with target RNA in vivo shown by Vasa. With the UV crosslinking 
experiments, I have shown that RhlB can be covalently linked to RNA. Whether any transiently 
forming complexes are captured remains to be seen. Interestingly, the UV crosslinking 
experiments have shown a surprising characteristic of RhlB. A fraction of the total cellular 
RhlB is crosslinked to RNA, but there appears to be no visible RNase E band as well in the 
Coomassie stained gel (Figure 24B). As RhlB is bound to RNase E in close proximity to the 
RNA binding sites on RNase E, one could imagine that during the UV irradiation, RNA which 
is bound to both RhlB and RNase E would crosslink the two proteins together. It is possible 
that the probability of crosslinking RhlB to RNase E through an RNA is low, which results in 
crosslinked RNase E not being visualized by Coomassie staining. However, as RhlB 
theoretically should bind RNase E in a one to one ratio, and RNase E is much larger than RhlB, 
even a small percentage of RNase E crosslinked to RhlB was expected to be seen. 
  One possibility for the low number of RNase E crosslinks to RhlB seen in the results 
may be that the majority of RhlB in the cell is not attached to the RNA degradosome. The 
composition of the degradosome is highly variable, especially during stress conditions. It is 
known that in E. coli during cold stress RhlB is replaced with CsdA (Prud'homme-Géńreux et 
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al, 2004). The displaced RhlB may, therefore, simply become a part of the larger cellular pool 
of RhlB. There have been no experimental data supporting a potential cytosolic function of 
RhlB if it is displaced from the degradosome. Though the possibility exists that RhlB may 
function independently from the degradosome, this scenario seems unlikely given that RhlB 
and RNase E co-localize within the cell, and very few RhlB molecules are found away from the 
membrane (Moffitt et al, 2016). Thus, it is likely that the missing RNase E crosslinking may 
have another cause.  
  Another possibility is the involvement of sRNA binding by RhlB. It may be that the 
primary RNA binding partner of RhlB is not large polycistronic mRNAs, but rather small 
regulatory sRNAs. This hypothesis is supported by the fact that Hfq is known to bind the RNA 
degradosome at the site of RhlB binding (Ikeda et al, 2011). Thus, the possibility arises that 
Hfq bound sRNAs can be recruited to the degradosome through RhlB binding. RhlB, when 
bound to RNase E, turns over ATP quite rapidly (Chandran et al, 2007). This characteristic 
could potentially “mask” RhlB’s involvement with sRNAs, since their interactions would be 
limited to one ATPase cycle. With the RhlB E166Q mutation forming the RNA clamp, sRNA 
association with RhlB could be shown to be a larger percentage of RhlB’s RNA binding 
partners. Though more experiments are necessary to test these hypotheses, RhlB’s involvement 
in RNA degradation has been shown to be more complex than previously imagined. Further 
investigations into RhlB function will be integral to a deeper understanding of the intricacies of 
RNA degradation.  
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3.4 Materials and methods 
3.4.1 Cloning 
  Site-directed mutagenesis was performed on RNase Helicase B (RhlB) to introduce a 
mutation at the DEAD box site (aa165-169). Specifically, the glutamic acid at residue 166 was 
to be mutated into a glutamine (E166Q), requiring the mutation of codon GAA at nucleotides 
496-498 into CAG. A pair of primers were designed to cover enough of the mutation site to be 
specific as well as introduce the point mutation (Figure 25C). Primers were made by Sigma. 
Primer pellets were resuspended and diluted to the concentration of 100 μM and stored in -20 
°C. PCR was performed with a Phire II kit (Thermo Scientific) according to the provided 
protocol: PCR mix was made with 1x Phire reaction buffer, 10 ng template DNA, 200 μM 
dNTPs, 0.5 M forward and reverse primers, and 1 μL Phire hot start polymerase. The template 
DNA used was rne 603-850 and rhlB in the pRSFDuet-1 vector, which was kindly provided by 
Dr. Heather Bruce. The PCR temperature cycle was programmed as follows: Initial 
denaturation at 98 °C for 2 min, followed by 32 cycles of denaturation at 98 °C for 5 s, annealing 
at 60 °C for 5 s, extending at 72 °C for 1 min, and then a final extension step at 72 °C for 10 
min. Completed PCR reactions were purified with a Qiagen PCR purification kit. Purified 
plasmids were transformed into competent E. coli DH5α cells and plated on kanamycin plates. 
Plated cells were incubated at 37 °C overnight (16 h). Multiple colonies were picked and grown 
individually in 5 mL of Luria-Bertani (LB) media with 30 μg/mL of kanamycin overnight at 37 
°C. Overnight cultures were harvested by centrifugation at 20,000 xg for 15 min. Plasmids were 
isolated with Thermo GeneJET Plasmid Miniprep Kit. Isolated plasmids were sequenced by 
Sanger sequencing at the Department of Biochemistry in Cambridge to check for the successful 
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site-directed mutation at the DEAD box (Figure 25D). Successfully mutagenized plasmids were 
stored at -20 °C.  
Table 5: An overview of the cloning proess and its associated sequences  
Figure 25:  An overview of the cloning process and  its associated sequences  
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3.4.2 Expression and Purification of ternary complex (RhlB + RNase E 603-850 + 
enolase)  
  Competent BL21 cells were co-transformed with pBinaryComplex (Figure 25A) and an 
a plasmid that encodes enolase kindly provided by Dr. Heather Bruce at the same time. 
Transformed cells were plated on kanamycin and carbenicillin-containing agar plates and 
incubated at 37 °C overnight (16 h). Starter culture was made by inoculating 20 mL of LB 
media with 30 μg/mL of kanamycin and carbenicillin with one colony of transformed cells. 
Inoculated media was grown overnight (16 h) at 37 °C with aeration. 2 x 1 L of LB 1 media 
with 30 μg/mL of kanamycin and carbenicillin was inoculated with 2 x 10 mL of starter culture. 
Inoculated 1 L cultures were grown at 37 °C until cells reached mid-log phase (OD600 = 0.6). 1 
mM IPTG was added to 1 L cultures to induce protein expression. Cultures were harvested 5 h 
after expression induction via centrifugation at 4,000 xg for 20 min at 5 °C using a Beckman 
centrifuge with a 4.2 rotor. Cell pellets were stored at -80 °C prior to lysis. On the day of 
purification, frozen cells were thawed in ternary complex lysis buffer (for every gram of the 
dry cell mass, three to five times the mass of buffer is added). Thawed cells were lysed via high 
pressure homogenization using an Avestin Emulsiflex C5. Thawed cells were passed through 
the homogenizer at 5000 psi four to six times, or until DNA was sheared. Cell debris was 
separated from soluble proteins by centrifugation at 30,000 xg for 30 min. Meanwhile, a nickel 
column was equilibrated in ddH2O (4-5 column volumes) and ternary complex nickel binding 
buffer (Table 4, 4-5 column volumes). Clarified cell lysate was then loaded onto the equilibrated 
nickel column and the column was then washed with 4 column volumes (CV) of ternary 
complex nickel binding buffer (Table 4), or until 280 nm reached baseline. Bound proteins were 
eluted with 20 mL of ternary complex nickel elution buffer, collected in 2 mL fractions. All 
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peak fractions were visualized on an SDS-PAGE gel. Relevant fractions were pooled and 
dialyzed in dialysis buffer (Table 4) for 4 h at 4 °C. Dialyzed proteins were loaded onto an 
equilibrated heparin column. The loaded column was washed with 4 x CV of ternary complex 
heparin binding buffer (Table 4) or until the 280 nm absorbance signal reached a stabilized 
baseline value. Bound proteins were eluted from the heparin column with a gradient from 0-1 
M NaCl over 120 mL. Eluate was collected in 2 mL fractions. Peak factions were visualized on 
an SDS-PAGE gel. Fractions containing clean ternary complex were concentrated and loaded 
onto a S200 column equilibrated with ternary complex S200 buffer (Table 4). Fractions of 0.3 
mL were collected. Peak fractions were analyzed with SDS-PAGE and pure ternary complex 
was stored in -80 °C.  
 
Table 4: List of buffers used for ternary complex purification.  
Table 6: Lis t of buffers used for ternary complex purif ication  
Buffer Name Buffer composition 
Ternary complex lysis 
buffer 
Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM) Imidazole (2 
mM), β-mercaptoethanol (50 μM), 1x protease inhibitor tablet per 50 mL  
Ternary complex 
nickel binding buffer 
Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM) Imidazole (2 
mM), β-mercaptoethanol (50 μM) 
Ternary complex 
nickel elution buffer 
Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM), Imidazole 
(300 mM), β-mercaptoethanol (50 μM) 
Dialysis buffer Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (20 mM), β-mercaptoethanol (50 μM) 
Ternary complex 
heparin binding buffer 
Tris pH 7.5 (50  mM), NaCl (250mM), MgCl2 (10 mM) β-mercaptoethanol (50 μM) 
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Ternary complex 
heparin elution buffer 
Tris pH 7.5 (50 mM), NaCl (1 M), KCl (250 mM), MgCl2 (10 mM), β-
mercaptoethanol (50 μM) 
Ternary complex S200 
buffer 
Tris pH 7.5 (50 mM), NaCl (200 mM), KCl (250 mM), MgCl2 (10 mM) β-
mercaptoethanol (50 μM), glycerol (10 % v/v) 
3.4.3 MalEF in vitro transcription 
  E. coli K12 total DNA was kindly provided by Dr. Kasia Bandyra. Two sets of PCR 
primers were designed, one to amplify the region of interest to provide a template for the second 
set, used to make a DNA template for in-vitro transcription with T7 polymerase. PCR mix was 
first made with 1 x Phire reaction buffer, 10 ng template DNA, 200 μM dNTPs, 0.5 μM of both 
malE_malF_FL_Nested_FW and malE_malF_FL_Nested_RV (Table 5), and 1 μL Phire hot 
start polymerase. The template DNA used was E. coli K12 genomic DNA. PCR temperature 
cycle was programmed as follows: Initial denaturation at 98 °C for 2 min, followed by 32 cycles 
of denaturation at 98 °C for 5 s, annealing at 60 °C for 5 s, extending at 72 °C for 1 min, and 
then a final extension step at 72 °C for 10 min. Amplified malEF PCR template DNA was 
purified with a Qiagen PCR purification kit. The PCR reaction was repeated with the previous 
product being the template, using malEmalF_IVT_FW and malEmalF_IVT_RV as primers 
(Table 5). PCR mix was made with 1 x Phire reaction buffer, 10 ng template DNA, 200 μM 
dNTPs, 0.5 μM forward and reverse primers, and 1 μL Phire hot start polymerase. The template 
DNA used was purified in the previous PCR reaction. PCR temperature cycle was programmed 
as follows: Initial denaturation at 98 °C for 2 min, followed by 32 cycles of denaturation at 98 
°C for 5 s, annealing at 60 °C for 5 s, extending at 72 °C for 1 min, and then a final extension 
step at 72 °C for 10 min. Amplified malEF IVT template DNA was purified with a Qiagen PCR 
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purification kit. Purified IVT template DNA was used to transcribe MalEF RNA. In vitro 
transcription (IVT) reaction mix was made with 1 x reaction buffer (50 mM Tris pH 7.5, 10 
mM NaCl, 5 mM MgCl2, 200 μM spermidine), 100 μM rNTPs, 3 μg of T7 polymerase, 1 μg of 
template DNA in 4 mL of RNase free H2O. IVT reaction mix was incubated at 37 °C for 4 h. 
RNase Free DNase I was then added to the reaction mix and incubated for 30 min at 37 °C. All 
reactions were stopped with the addition of RNase free 10 mM EDTA. Stopped reactions were 
run on a 4 % urea sequencing gel for 5 h. The gel was illuminated with short wavelength UV 
light to identify the relevant RNA band, which was then excised. RNA was electroeluted from 
the gel and precipitated with 300 mM sodium acetate pH 5.3 and 3 volumes of ethanol in -20 
°C overnight (16 h). Precipitated RNA was harvested by centrifugation. The RNA pellet was 
dried and stored in -20 °C. 
Table 5: List of primers used in MalEF IVT 
Table 7: Lis t of primers u sed in MalEF IVT  
Primer name Primer sequence 
malE_malF_FL_Neste
d_FW 
CTGGCGGAGTGTCATTCATCCGTTTCTCAC 
malE_malF_FL_Neste
d_RV 
GCAGCGCAATCCCACCCAGATACGC 
malEmalF_IVT_FW  
CATTAGTAATACGACTCACTATAGGGATGAAAATAAAAACAGGTGCACG
CATCCTCGCATTATC 
malEmalF_IVT_RV TTAATCAAACTTCATTCGCGTGGCTTTCAGGTTCACT 
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3.4.4 Titration of MalEF by ternary complex (RhlB + RNase E 603-850 + enolase) 
  Increasing concentrations of ternary complex were added to MalEF at room 
temperature. Each titration condition was loaded in one lane of the 1 % agarose gel. The gel 
was run in 1 x TBE at a fixed voltage of 100 V at 4 °C for 2 h. The gel was visualized by UV 
illumination after staining with 5 μL of SYBR gold in 100 ml gel running buffer for 10 min 
under a foil cover. Relative concentrations of protein-RNA complexes were calculated using 
ImageJ. 
3.4.5 UV irradiation and pulldown 
  Cell strains containing the RhlB E166Q mutation as well as an N-terminal 6 x His + 
FLAG tag on RhlB were obtained from our collaborators in Toulouse and stored at -80 °C as a 
glycerol stock. The glycerol stock was swabbed with a cell picked and streaked on LB agar 
plates with 30 μg/mL kanamycin and grown at 37 °C over 16 h. One colony was picked and 
grown in liquid LB media with 30 μg/mL kanamycin at 37 °C over 16 h with aeration. 2 L of 
LB media with kanamycin was inoculated with 5 mL of starter culture and incubated at 37 °C 
with aeration. When OD600 reached 0.6, cultures were harvested by centrifugation at 4000 rpm 
in a Beckman centrifuge with a 4.2 rotor for 20 min at 5 °C. Cell pellets were resuspended in 
30 mL irradiation buffer (Table 6). Resuspended cells were frozen in liquid nitrogen, forming 
60 μL frozen cell drops. Frozen cell drops were spread out in one layer and irradiated with 120 
mJ/cm2 of UVC radiation (200 nm to 280 nm). Irradiated cells were thawed and harvested by 
centrifugation at 4000 rpm for 20 min. Cell pellets were resuspended in denaturing nickel 
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column binding buffer (Table 6). Resuspended cell pellets were lysed using the freeze-thaw 
method. The lysate was clarified by centrifugation at 30,000 x g for 30 min. Clarified lysate 
was loaded onto a nickel column. Lysate was washed with 4 x CV of denaturing nickel column 
binding buffer or until the UV trace returned to its baseline value. Bound proteins were eluted 
with 4 x CV of denaturing nickel column elution buffer (Table 6). Eluted proteins were 
collected in 0.3 mL of fractions. Alkaline hydrolysis was performed by addition of 0.5 μL of 5 
M NaOH to 20 μL of protein and incubating at 25 °C for 10 min. Relevant fractions and alkaline 
lysis products were analyzed by SDS-PAGE.  
Table 6. List of buffers used for UV irradiation and pulldown 
Table 8: Lis t of buffers used for UV irradiation and  pulldown  
Buffer Name Buffer composition 
Irradiation buffer Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM), β-
mercaptoethanol (50 μM) 
Denaturing nickel column 
binding buffer 
Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM) 
Imidazole (2 mM), urea (6 M), β-mercaptoethanol (50 μM) 
Denaturing nickel column 
elution buffer 
Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM) 
Imidazole (300 mM), urea (6 M), β-mercaptoethanol (50 μM) 
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4 STRUCTURAL STUDIES OF HFQ BOUND TO 
CHIX 
4.1 Introduction 
  Following biophysical studies of RhlB E166Q binding to RNA, I explored the use of 
the point mutation to create a stable complex for structural analyses. As shown in the previous 
chapter, RhlB E166Q is much more binds RNA tighter than the wild type enzyme and therefore 
could create a more robust ternary complex suitable for structural characterization. Although 
the N-terminal portion of RNase E is well studied, the C-terminal of RNase E and the overall 
organization of the degradosome including its complex with RhlB has eluded structural 
determination. Thus, using the RNA clamping RhlB E166Q variant, I hoped to create a more 
stable complex for structural studies. As the degradosome’s C-terminal portion is highly 
flexible and adopts a variety of conformations which may present difficulties for crystallisation, 
I opted to use the newly popularized technique of cryo-electron microscopy (cryoEM) for 
structural analyses of RhlB and its subassemblies with RNase E. 
   In conventional microscopy, the wavelength of light imposes a hard limit on the 
resolution limit of the imaged specimen. Objects smaller than the wavelength cannot be imaged 
due to diffraction limitations. For visible light, this means that any feature smaller than 200 nm 
in length cannot be resolved (Kruger et al, 2000). Super-resolution methods using fluorophores 
(such as STED, PALM, STORM and other approaches) can overcome the diffraction limitation 
but are still limited to a 20 nm resolution (Betzig et al, 2006; Hell & Wichmann, 1994; Rust et 
al, 2006). Structural studies of biological macromolecules require the resolution to be in the 
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order of 1 Å, which is 2000 x smaller than the resolution limit of light microscopes. To solve 
this problem, electrons are used for visualization (Kruger et al, 2000).  At the energy of 200 
keV, an electron has a corresponding wavelength of 2.74 pm, which is more than 30 x smaller 
than the resolution required for determining the atomic structure of a protein (Spence). Since 
electron microscopes are so powerful and allow for imaging of atoms, they have been in use 
for decades in the material sciences. The electron microscope’s adaptation for use in the 
biological sciences has been deterred largely by the fragility of biological samples (Kruger et 
al, 2000). With such powerful energy beams as the illumination source, biological samples were 
easily damaged beyond recognition. However, with the invention of the new sample preparation 
techniques available with cryo-EM, biological samples may now be imaged using the electron 
microscope by minimising the damage caused by the electron beam (Knapek & Dubochet, 
1980). Cryo-EM has been the primary method by which the images in this chapter have been 
obtained. A more detailed explanation surrounding the hardware, theory, and sample 
preparation is now presented. 
   The principles of image formation in electron microscopy are very similar to those of 
light microscopy (Spence). Thus, the design of electron and light microscopes also share 
common features (Figure 26). Electrons travelling through the microscope must travel through 
vacuum to prevent undesired scattering by gas particles prior to reaching the detector, and the 
entire chassis is therefore maintained under low pressure (Spence). At the top of the microscope 
is an electron source. Broadly speaking, there are two different types of sources which all 
electron microscopes use to generate an electron beam, thermionic emission sources and field 
emission guns (FEG) (Houdellier et al, 2015; Iqbal & Fazal‐e‐Aleem, 2005). Electrons 
generated from thermionic sources are pulled from a v-shaped tungsten wire which is heated to 
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lower the energetic barriers needed for electrons to escape (Iqbal & Fazal‐e‐Aleem, 2005). In a 
field emission gun, no heat is applied to the electron source. Instead, electrons are directly 
pulled from a sharp crystalline point on the gun with a strong electric field (Houdellier et al, 
2015). The difference in the electron beam produced by thermionic sources versus field 
emission guns is analogous to the light source provided by a light bulb and a laser respectively, 
as FEGs produce both more powerful and coherent electron beams (Houdellier et al, 2015). 
Thus, it is no surprise that currently, FEGs are the more popular choice for cryo-EM.  
Figure 26:  Architecture of a generic transmiss ion electron microscope vs a light microscope  
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  Following the electrons beam’s creation, multiple magnets are used as lenses to focus 
the beam onto the sample. The electrons are scattered by the sample and focused by the 
objective lens. After focusing, the electrons’ positions must be detected. Historically, electron 
detection has been done by photographic film and charged-coupled device (CCD) detectors 
(Bai et al, 2013). These techniques require the conversion of electrons into photons before 
detection, thus lowering the signal to noise ratio. In 2009, a novel detector was reported that 
could directly detect electrons without the requirement for photoconversion, and the data 
collected with this device showed significantly increased signal to noise ratios (McMullan et 
al, 2009). Since then, a variety of direct electron detectors have been developed and put into 
use for single particle analysis to achieve high resolutions with lower sample damage by 
permitting the use of low electron dose on the specimen (McMullan et al, 2016).  
  Electron beams are highly energetic and can deposit some of their energy into specimens 
in a destructive way. As the name suggests, cryo-EM protects biological samples from electron 
beam damage by using cryogenic conditions. As crystalline ice scatters electrons strongly, the 
specimen must be frozen in a thin layer of vitreous ice to allow for adequate electron scattering 
by the sample. The sample of interest is applied onto a cryo-EM grid, made from a metal, 
usually copper or gold, with or without a carbon support. Once the sample is deposited, the grid 
is blotted to remove any excess liquid. Thus, the only liquid remaining is suspended in the grid 
by water’s adhesive forces. After blotting, the grid is rapidly plunge frozen in liquid ethane, 
forming a thin layer of vitreous ice with the protein of interest in suspension and hopefully in 
random orientations. Once the sample is prepared, it must be stored in liquid nitrogen until 
imaging (Figure 27). 
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Figure 27:  Cryo-E M sample preparation flow chart 
  In theory, electron microscopes are powerful enough to resolve single particles in one 
image. In practice, the images obtained from electron microscopes are very noisy because the 
electron dose is kept to a minimum to visualise the particles without destroying them. To 
optimise the contrast and thus allow for the visualization of the particles of interest, the images 
are collected slightly out of focus, so that the image obtained is analogous to that formed by the 
phase contrast method used in optical microscopes. The images of the individual particles are 
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difficult to interpret without processing, which includes corrections for the out of focus effects. 
To compensate for the low signal to noise ratio, many images of the same particle must be 
obtained to reconstruct a 3D structure in high resolution. The images collected by the cryo-EM 
are 2D projections of a 3D object. The 3D reconstruction operations are performed in Fourier 
space (Figure 29C) to enable frequency filtering and application of the contrast transfer 
function, hereby referred to as CTF, to correct for defocus and optical aberrations. Briefly, 
Fourier space is an alternate way of describing the values in an image. Instead of mapping the 
square of the amplitude of an electron wave (which is measured by the direct electron detectors), 
Fourier space maps the frequency at which each wave occurs in a 2D image. The advantage of 
Fourier space is that different functions can be added or removed from the image through 
convolution functions to process and refine the image. For example, low-pass filtering can be 
done easily in Fourier space simply by blocking out the information corresponding to the higher 
frequency waves, which are the furthest away from the origin in Fourier space. The Fourier 
transform of a 2D projection of the object corresponds to a 2D slice of the Fourier transformed 
3D object. Thus, by having a complete dataset of 2D projections from different angles, a 3D 
reconstruction of the object can be calculated in Fourier space. The reconstructed object can 
then be back-transformed into real space as the object of interest.   
  Images collected by the detector of an electron microscope are imperfect projections of 
the “perfect” sample, being distorted based on the defocus applied and the electron’s 
interference fringes. Each point on a defocused image is slightly more spread out than the ideal 
image of that point. Thus, to calculate the ideal image, the spread caused by defocus must be 
removed. The spreading shown in the collected images can be described by the point spread 
function. In real space, the point spread function is difficult to remove and requires large 
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amounts of computational power. However, in Fourier space, removal of the point spread 
function is much simpler. The Fourier transform of the point spread function is the CTF, and 
CTF correction is processed in a much faster way in Fourier space. Calculating and correcting 
for the CTF is important for obtaining images of the highest possible quality by electron 
microscopy (Figure 28A). 
  To collect a complete dataset without missing information, samples must be imaged at 
different defocus levels. As defocus distorts the “perfect” projection of the sample by spreading 
the image, it also changes the interference in the electron waves which eliminates information. 
The CTF illustrates the amount of information available as well as the information which has 
been eliminated as a function of spatial frequency (Figure 28B). At certain spatial frequencies, 
no information about the sample is transferred to the collected image. In the CTF, these 
frequencies are shown as the points where the amplitude crosses the x-intercept. Without the 
information in these spatial frequencies, the data collected is incomplete. This apparent defect 
is circumvented by collecting images using different defocuses, which changes these intercepts 
to different spatial frequencies (Figure 28C). By moving the intercepts, a complete dataset 
which contains information in all relevant spatial frequencies can be collected.   
 
Figure 28:  Con trast transfer functions  
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  After the correction of aberrations, particles of interest must be aligned to boost the 
signal to noise ratio. One of the most popular software for aligning particles and 3D 
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reconstruction is Relion, which utilizes Bayesian statistics to accurately align multiple images 
and generate 2D and 3D models made from the images obtained (Fernandez-Leiro & Scheres, 
2017). The Relion software creates a data processing pipeline and applies several algorithms 
for pre-processing – such as CTF correction – which are wrapped in the package along with 
Relion’s own particle autopicking, 2D classification, 3D classification, 3D refinement and post-
processing programs (Rohou & Grigorieff, 2015; Scheres, 2018; Zhang, 2016; Zheng et al, 
2017). To obtain robust 2D projections of the model, particles are classified using a weighted 
maximum likelihood estimation (Figure 29B). Each image is aligned using a gaussian 
probability distribution to the orientation parameters of the 2D image. The image is then 
weighted against the probability obtained and used to boost the signal of the original image. 
This process is then performed iteratively until convergence to ensure that the model generated 
is the most likely structure from which the images are obtained (Scheres, 2012). This process 
is performed for each 2D projection slice, which then can be used for reconstructing a 3D map 
of the object. The de novo coulomb potential map generated may then be fit to the molecules 
of interest. One benefit of this technique is the potential to generate multiple maps from one set 
of images, meaning that multiple conformations of the molecule of interest captured in ice can 
be imaged at the same time. Thus, flexible regions and sample heterogeneity can be accounted 
for using cryo-EM, giving structures which are highly relevant to in vivo functions of individual 
proteins.   
Figure 29:  Image processing in cryo-EM 
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  Recently, a SAXS (small angle X-ray solution scattering) envelope of a C-terminal 
segment of RNase E bound to RhlB and enolase was reported (Bruce et al, 2018) which 
indicates that the C-terminal of RNase E is more compacted than expected for a completely 
disordered region, suggesting partial folding of the C-terminal tail of RNase E. As cryo-EM has 
been shown to be useful in imaging flexible and disordered regions, I aimed to investigate the 
structure of the semi-compacted complex comprising the C-terminal region of RNase E 
(residues 603-850) bound to RhlB, enolase, Hfq and ChiX, hereby denoted as the 
supercomplex. Larger proteins and complexes align better in Relion, which was another 
consideration for choosing the supercomplex for this study. Utilizing the RhlB E166Q mutation 
described in the previous chapter was anticipated to help capture the ChiX RNA with the 
helicase clamped to the oligonucleotide. I hoped that, upon binding to RNA, the C-terminal 
domain’s RNA binding sites would display more consistent structures which may simplify the 
structure determination process. In the introduction (chapter 1 section 4, page 36 - 37), ChiX 
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was discussed to be a class II sRNA, which binds both sides of Hfq. I envisioned that, in addition 
to understanding the organization and structure of the RNase E C-terminus, I might also gain 
insight into the novel association between a class II sRNA and Hfq. 
4.2 Results 
  Hfq and the ternary complex (consisting of RhlB E166Q, enolase, RNase E 603-850) 
were purified. The purification of Hfq is illustrated in Figure 30, and the procedure for preparing 
the ternary complex is shown in Figure 22 from the previous chapter. The ternary complex was 
added in a 1:1:1 ratio to purified ChiX and Hfq to form a supercomplex that could be visualised 
by EMSA (Figure 32). The supercomplex was applied to a copper quantifoil grid then plunge 
frozen in liquid ethane using a vitrobot device (Figure 32). The resulting grid was imaged using 
a Titan Krios instrument fitted with a Falcon II detector. 
Figure 30:  Purif ication of Hfq  
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  149 images were collected in total (Figure 31A). Particles were picked with Relion 
autopicking software and then manually selected via particle sorting in Relion. Cleaned 
particles were classified by 2D classification in Relion and poorly aligning particles were 
discarded. This process left about 80,000 particles for 3D reconstruction. During 2D 
classification, it was noted that the classified particles were too small to be supercomplex 
particles according to the SAXS dimensions published by Bruce et al (2018). Nonetheless, as 
the particles could be an interesting subcomplex, I decided to further analyze the classes 
obtained. Many subclasses of the supercomplex could in principle fit the model, but the most 
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likely candidate was Hfq bound to ChiX. As Hfq is a hexagonal ring, the donut shape seen in 
the 2D classes (Figure 31 C) suggested that Hfq was likely to be present. The 3D reconstruction 
was however found to be limited to poor resolution and too small to fit both Hfq and ChiX. As 
enolase was also previously observed to fall off the ternary complex and adhere to the air-water 
interface during grid preparation, the possibility of this smaller subdomain being an enolase 
dimer was also considered. The obtained resolution of the envelope was too low to identify the 
exact subcomplex, therefore more samples were prepared and imaged using different sample 
preparation techniques.   
 
Figure 31:  Model of uncrossl inked Hfq and ChiX subcomplex 
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  To further stabilize the supercomplex, I used glutaraldehyde to crosslink the individual 
components together. However, the crosslinked complex was found aggregated on the carbon 
of the copper quantifoil grids and therefore not able to be imaged. Through various trials and 
errors, I successfully imaged the crosslinked supercomplex on gold grids. The process of 
sample preparation is summarised in Figure 32. 
Figure 32:  Sample preparation of uncrossl inked and cross linked supercomplex  
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  Data collection was performed in the Cambridge Biochemistry department, with a Titan 
Krios fitted with a K2 detector at a pixel size of 1.43 Å per pixel. 1570 micrographs were 
collected over a 48-hour period using the EPU software. Data pre-processing (motion correction 
and CTF correction) and automated particle picking were performed using WARP (Tegunov & 
Cramer, 2018). The picked particles were imported into Relion and 2D classification was 
performed. Through the 2D classification, three different sizes of particles were identified. 
Smaller particles were separated from the Medium particles which were also separated from 
the Large particles. After separation, the three different particles were re-classified using 2D as 
well as 3D classification. Poorly aligned classes were removed in order to removing bias. The 
particle number distribution however was uneven, with the largest group being the Medium 
sized particles. 2D classification was continued independently for each of the groups, removing 
ill-fitting particles for each class. 3D classification was performed for the Small sized particles 
(Figure 33E), which are the focus of this thesis. 8271 clean Smaller particles were obtained in 
total. The 2D classifications showed again the characteristic hexagonal donut shape of Hfq 
(Figure 33E), which led me to believe that this is the same subcomplex which was previously 
seen. The sizes of the 2D classifications were comparable, however, internal structural features 
were resolved better than with the previous dataset. The set of clean Small particles were 
subsequently reconstructed in 3D using Relion. The 3D reconstruction was calculated to be 
25Å in resolution (GS-FSC) (Figure 33).    
Figure 33:  Data processing of supercomplex micrographs  
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  Molecular modelling was performed in Chimera (Pettersen et al, 2004). ChiX contains, 
from 5’-3’, a stem-loop, the Hfq distal face binding site, the seed region, another stem loop, and 
finally the Hfq proximal face binding site (Figure 35). The two Hfq binding sites were modelled 
first, according to previously reported structures of Hfq bound to RNA. The distal face binding 
site (Figure 34Ci) was modelled after the structure of Hfq bound to poly-A RNA (Link et al, 
2009) while the proximal face binding site was modelled after the structure of Hfq bound to 
RydC (Dimastrogiovanni et al, 2015). The ChiX stem-loop structures were modelled using 
RNAComposer (Biesiada et al, 2016) with secondary structure information from Figueroa-
Bossi et al, 2009. The flexible regions were modelled by hand.  
Figure 34:  Pu tative model of ChiX bound to  Hfq  
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  Figure 34 shows the model of Hfq bound to ChiX, depicted in ribbon representation. As 
the resolution of the map is low, only the general shape of the RNA can be inferred. Interactions 
between the RNA and Hfq, as well as interactions between ChiX’s flexible regions cannot be 
identified, but a likely interaction mode can be proposed for the proximal and distal face binding 
sites of ChiX with the RNA binding sites on Hfq. The bulk of the RNA appears to be 
concentrated on the distal face of Hfq and not evenly wrapped over the surface of the chaperone. 
Note as well that, on the proximal face of Hfq, there remains a feature in the map which is not 
filled by ChiX or Hfq. These properties will be further discussed in the following section. 
Figure 35:  Schematic of ChiX  and its bind ing s ites of interest  
 
4.3 Discussion 
  Though the map of Hfq bound to ChiX is limited by its low resolution, the information 
from the shape allowed a potential mode of interaction to be proposed. The model of Hfq bound 
to ChiX was derived in part from pre-existing structural information of Hfq bound to other 
RNAs as well as the secondary structure and function of each ChiX segment. The molecular 
model of ChiX bound to Hfq shows a striking feature, which is that the mass of RNA is likely 
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to be concentrated on the distal face of Hfq rather than evenly spread between the proximal and 
distal faces, especially since there is a stem-loop directly connected to the proximal face binding 
site. In the model above, more than 90% of ChiX mass appears to be positioned on the distal 
face of the bound Hfq. This configuration may serve as a sensor to target RNA binding, or it 
may confer protection to the flexible seed region (Figure 36).  
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Figure 36:  Cartoon  schematic of ChiX bound to  Hfq  
  As a sensor, the organization of ChiX on Hfq enables the majority of the sRNA to 
contact with the seed region. In the model shown above, the seed region seems to interact with 
multiple elements of ChiX all at the same time. It is bound directly to both the 3’ stem-loop as 
well as the distal face binding site. The seed region is shown to potentially contact the 5’ stem-
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loop as well. Through this configuration, the seed region can directly affect more than half of 
ChiX excluding itself (Figure 36B). If ChiX was distributed evenly across both the proximal 
and distal face of Hfq, the seed region would need to straddle the rim, and thus can only affect 
the nucleotides it is directly bound to (Figure 36B). This configuration would limit the efficacy 
of the communication between the seed region and other regions of ChiX. Thus, crosstalk 
between the seed region and the 5’ or 3’ ends of ChiX may be significantly greater if the 
majority of the RNA is concentrated at the distal face of Hfq. An additional feature of this 
geometry is that it may confer “protection” to the flexible seed region. As the seed region is 
fairly long, if it is exposed it can form unwanted non-specific interactions with other RNA 
molecules. Surrounding the seed region with stem-loops limits the points of access on which 
an RNA can base pair, thus allowing only for the more robust interactions by partners of ChiX 
(Figure 36C). This hypothesis is in part supported by the finding that most class II sRNAs 
(RNAs which bind to both sides of Hfq) have more specific targets than class I sRNAs, which 
bind a larger variety of RNAs (Schu et al, 2015). This arrangement of ChiX bound to Hfq may 
have larger implications with regards to the geometry of all class II sRNAs, as most class II 
sRNAs have only a small pool of binding partners and thus may require protection in the seed 
region. 
  In the Hfq ChiX map, there is prominent density on the proximal face of Hfq which 
remains unaccounted for. This density may encompass the flexible rim region of Hfq. Most 
crystal structures of Hfq omit the C-terminal flexible rim region, which has been recently shown 
to play a role in RNA interactions (Santiago-Frangos et al, 2019; Santiago-Frangos & Woodson, 
2018). The proximal density may be a result of the movement of the C-terminal flexible regions 
sweeping over the proximal face binding site. As the flexible regions of Hfq serve to repel 
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RNA, they may be protecting the proximal binding site from other class I sRNAs from 
competing with the already bound ChiX. Class II sRNAs have been shown to be able to out-
compete class I sRNAs for Hfq binding. Thus, this protection mechanism may favour class II 
sRNAs over class I sRNAs.  
4.4 Methods 
4.4.1 Hfq purification 
  Competent BL21 cells were transformed with the plasmid that encodes Hfq conferring 
ampicillin resistance obtained from Dr. Heather Bruce. Transformed cells were plated on 
ampicillin containing (30 μg/mL) agar plates and incubated at 37 °C overnight (16 h). Starter 
culture was made by inoculating 20 mL of LB media with 30 μg/mL of ampicillin with one 
colony of transformed cells. Inoculated media was grown overnight (16 h) at 37 °C with 
aeration. 2 x 1 L of LB media with 30 μg/mL of ampicillin was inoculated with 2 x 10 mL of 
starter culture. Inoculated 1 L cultures were grown at 37 °C until cells reached mid-log phase 
(OD600 = 0.6). 1 mM IPTG was added to 1 L cultures to induce protein expression. Cultures 
were harvested 5 h after expression induction via centrifugation at 4,000 x g for 20 min. Cell 
pellets were stored in -80 °C prior to lysis. On the day of purification, frozen cells were thawed 
in Hfq lysis buffer (for each gram of dry cell mass, 3-5 mL of lysis buffer was added). Thawed 
cells were lysed via high pressure homogenization using an Avestin Emulsiflex C5. Thawed 
cells were passed through the homogenizer at 5000 psi four to six times, or until the DNA was 
sheared. Cell debris was separated from soluble proteins by centrifugation at 30,000 x g for 30 
min. Clarified cell lysate was heated to 85 °C for 60 min. Heated cell lysate was centrifuged at 
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30,000 x g for 30 min. Clarified lysate post-heat treatment was diluted in a 1:1 ratio with 4 M 
ammonium sulfate. Diluted lysate was incubated on ice or at 4 °C. Diluted lysate was then 
centrifuged at 30,000 x g for 30 min. Supernatant was collected. Meanwhile, a HiTrap Butyl 
HP column was equilibrated in ddH2O (4-5 column volumes) and Hfq HIC binding buffer (table 
5, 4-5 column volumes). Processed cell lysate was then loaded onto an equilibrated column. 
The loaded Butyl HP column was then washed with 4 column volumes (CV) of 20 % Hfq HIC 
elution buffer (300 mM ammonium sulfate total) (Table 5), or until A280 reached baseline. Hfq 
was eluted with a gradient of 20-10 % Hfq HIC elution buffer over 50 mL. Hfq was collected 
in 2 mL fractions. Relevant fractions were pooled and concentrated. Concentrated fractions 
were loaded onto equilibrated S200 column. 0.3 mL fractions were collected. Peak fractions 
were visualized on an SDS-PAGE gel. Fractions containing clean Hfq were concentrated and 
stored in -80 °C.  
 
Table 5: List of buffers used for Hfq purification.  
Buffer Name Buffer composition 
Hfq lysis buffer Tris pH 7.5 (50 mM), NaCl (250 mM), KCl (100 mM), MgCl2 (10 mM), β-
mercaptoethanol (50 μM), 1 x cOmplete™, EDTA-free Protease Inhibitor Cocktail 
(Roche) per 50  mL  
Hfq HIC binding 
buffer 
Tris pH 8.0 (50 mM), Ammonium sulfate (1.5 M), β-mercaptoethanol (50 μM) 
Hfq HIC elution buffer Tris pH 8.0 (50 mM), β-mercaptoethanol (50 μM) 
Hfq S200 buffer Tris pH 7.5 (50 mM), NaCl (200 mM), KCl (250 mM), MgCl2 (10 mM) β-
mercaptoethanol (50 μM), glycerol (10 % v/v) 
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4.4.2 ChiX IVT 
  A plasmid containing ChiX and primers required to amplify the DNA template was 
kindly provided by Dr. Wenxia Sun. PCR mix was made with 1 x Phire reaction buffer, 10 ng 
template DNA, 200 μM dNTPs, 0.5 μM of both primers received, and 1 μL Phire hot start 
polymerase. The template DNA used was the ChiX plasmid received above. PCR temperature 
cycle was programmed as follows: Initial denaturation at 98 °C for 2 min, followed by 32 cycles 
of denaturation at 98 °C for 5 s, annealing at 60 °C for 5 s, extending at 72 °C for 1 min, and 
then a final extension step at 72 °C for 10 min. Amplified ChiX PCR template DNA was 
purified with a Qiagen PCR purification kit. Purified IVT template DNA was used to transcribe 
ChiX RNA. In-vitro transcription (IVT) reaction mix was made with 1 x reaction buffer (50 
mM Tris pH 7.5, 10 mM NaCl, 5 mM MgCl2, 200 μM spermidine), 100 μM rNTPs, 3 μg of T7 
polymerase, 1 μg of template DNA in 4 mL of RNase free H2O. IVT reaction mix was incubated 
at 37 °C for 4 h. RNase Free DNase I was then added to the reaction mix and incubated for 30 
min at 37 °C. All reactions were stopped with the addition of RNase free 10 mM EDTA. 
Stopped reactions were run on a 10 % urea sequencing gel for 5 h. The gel was illuminated with 
short wavelength UV light to identify the relevant RNA band, which was then excised. RNA 
was electroeluted from the gel and precipitated with 300 mM sodium acetate pH 5.3 and 3 
volumes of ethanol in -20 °C overnight (16 h). Precipitated RNA was harvested by 
centrifugation. The rNA pellet was dried and stored in -20 °C.  
4.4.3 Supercomplex formation and crosslinking 
  The supercomplex consisting of RNase E 603-850, RhlB E166Q, enolase, Hfq, and 
ChiX was made by combining all elements in an equimolar ratio. Combined supercomplex was 
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purified by size exclusion chromatography. Formation of the supercomplex was verified by 
EMSA. Alternatively, after combining all elements of the supercomplex, glutaraldehyde 
crosslinking was performed with 0.5 % glutaraldehyde at 25 °C for 1 h. Crosslinking was 
quenched with 200 mM of glycine pH 7.5. The products of the quenched reaction were purified 
using the size exclusion column.  
4.4.4 Grid preparation 
  Copper quantifoil grids were first glow-discharged for 1 minute at 25 mA. 3 μL of 
purified supercomplex (not crosslinked) at a concentration of 0.1 A280 was then added to copper 
quantifoil grids. Excess liquid was blotted with a blot force of -5 and blot time of 2.0 s. Loaded 
grids were frozen using a Vitrobot. Frozen grids were stored in liquid nitrogen until data was 
collected. Gold grids were also glow-discharged for 1 min at 25 mA. 3 μL of purified 
supercomplex (crosslinked) at a concentration of 0.1 A280 was then added to the gold grids. 
Excess liquid was blotted with a blot force of -5 and blot time of 2.0 s. Loaded grid was frozen 
using a Vitrobot. Gold grids were similarly stored in liquid nitrogen until data was collected. 
4.4.5 Data collection 
  Images of the copper quantifoil grids were collected in a Titan Krios instrument fitted 
with a Falcon II detector. Images were collected with EPU software over 48 h. 149 micrographs 
were collected. Gold grid images were collected in a Titan Krios fitted with a K2 summit 
detector. Images were collected with EPU software over 48 h.  
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4.4.6 Data processing 
  For images of uncrosslinked proteins, images were corrected for both beam induced 
motion and stage motion using MotionCor2 (Zheng et al, 2017). Following motion correction, 
images were corrected for defocus and lens induced aberrations using Gctf (Zhang, 2016). 2000 
particles were picked from corrected micrographs and 2D classifications were made using 
Relion 2.1 (Scheres, 2012). Suitable 2D classifications were used as templates for particle 
autopicking. Autopicked particles were sorted and junk particles (particles which were 
erroneously picked, particles which are clearly not of proteins, or particles with poor resolution) 
were discarded. The remaining particles were classified in 2D classification. Poorly aligning 
particles were discarded. 2D classification and discarding particles were performed 10 times to 
obtain a clean and well aligning set of particles. Ab-initio 3D model generation was performed 
with Relion 3.0. The initial model created was used to classify the remaining particles into five 
3D classes. 
  For images of crosslinked proteins, images were corrected for both beam induced 
motion and stage motion, defocus and lens induced aberrations using Warp (Tegunov & 
Cramer, 2018). Particles were also autopicked from the micrographs using Warp (Tegunov & 
Cramer, 2018). As Warp is highly selective with the particles picked, very few particles were 
junk. All picked particles were classified in 2D classification. Poorly aligning particles were 
discarded. 2D classification and discarding particles were performed 3 times to obtain a clean 
and well aligning set of particles. Three different sizes of particles were noted, and particles 
corresponding to each particle size was separated into individual coordinate files. Particles of 
each size was aligned in 2D with other particles of similar size, while discarding poorly aligning 
particles. This cycle was repeated around 3 times for each particle size. Ab-initio 3D model 
Towards Understanding Helicase and Chaperone Activities in the RNA Degradosome 
 
 
 
 
 
 
120  Zi Ran Shen - January 2020 
 
 
 
 
 
 
generation was performed with Relion 3.0 for each size. The initial model created was used to 
classify the remaining particles into five 3D classes per size.  
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5 TOWARD UNDERSTANDING HOW SMALL 
RNAS ARE RECOGNISED BY RNASE E IN 
THE DEGRADOSOME 
5.1 Introduction 
  The small domain of RNase E forms a self-complementary interface that contributes to 
the oligomerization of the enzyme as a dimer-of-dimers. Recently, the small domain has also 
been shown to form an RNA interacting surface together with the RNase H domain of RNase 
E (Bandyra et al, 2018). This surface can bind to a duplex region of the small RNA RprA 
(Figure 37). With the discovery of this novel interaction site, more questions have been raised 
about the RNA binding capacity of the small domain and therefore RNase E. When the putative 
RNA binding residues on the small domain were mutated, a marked decrease in efficacy of 
RNA degradation by the direct entry mode of action was observed. When the 5’-triphosphate 
of the RNA substrate was switched to a 5’-monophosphate, the efficacy was not strongly 
affected. These results suggested that the small domain is not only a structural domain that 
organises quaternary structure, but is also a recognition domain responsible for mediating 
interactions with secondary structure in substrates. Through this mode of recognition, the small 
domain potentially contributes to a cleavage mechanism which bypasses the requirement to 
recognise the 5’-ends of RNA substrates.  
Figure 37:  RprA bound fo RNaase E (Bandyra et al,, 2018)  
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  Recently, a report revealed the sequence similarity and structural congruence between 
the KH domains and the small domain of RNase E (Pereira & Lupas, 2018). Using a Hidden 
Markov analysis of the amino acid sequence patterns (jackhmmer), the small domains of RNase 
E/G were reclassified as a novel type of KH domain. The structural similarity between the KH 
domains and the RNase E small domain is evident when compared (Figure 38). Although both 
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KH domains and the RNase E small domain have a different organization, they share a similar 
3D architecture. 
   KH domains contain 3 alpha helices and 3 β-strands (Figure 38A). α' and the β’ strand 
in the KH-1 and KH-2 domains are not previously known to bind RNA, whereas α1 and α2 
contain a conserved motif IGxGxxIK/R that is used to bind nucleotides. In some proteins, α’ 
and β’ have been seen to be involved in dimerization (Lewis et al, 1999; Teplova et al, 2011). 
Some KH domains dimerize to create a larger binding site to bind a longer chain of nucleotides 
(Jia et al, 2010). Canonically, KH domains’ nucleotide binding interfaces can only 
accommodate single-stranded oligonucleotides (Valverde et al, 2008). Though a single KH 
domain can only accommodate one strand, multiple KH domains can associate with each other 
for different modes of binding. Indeed, many KH domain containing proteins have multiple 
copies of the domain (Valverde et al, 2008). Not only that, KH domains’ ability to oligomerize 
suggests that the mode of nucleotide binding by KH domains may be highly diverse (Lewis et 
al, 1999; Valverde et al, 2007). 
  Though the RNase E small domain shows a similar architecture, the apparent functions 
of the helices and sheets are different. The loop between α’ and β’ was shown to bind RNA 
(Figure 38C), and α1 and α2 are involved in dimerization (Figure 37) (Bandyra et al, 2018). In 
this chapter, I explore the current available structures of KH domains and compare them to the 
small domain of RNase E. Through this analysis, I hope to further understand the extent to 
which the small domain of RNase E can bind RNA and also the extent to which RNA-Hfq 
complexes may associate with RNase E through shared interactions with secondary structural 
elements and other features of the RNA.  
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Figure 38:  Organization of RNase E small domain as a KH domain  
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5.2 Results 
  The amino acid sequence of the small domain of RNase E (residues 413-531) was used 
in a jackhmmer search (Potter et al, 2018). jackhmmer is an iterative search tool based on the 
software hmmer, which uses hidden Markov Models to search all sequence databases accessible 
by UniProtKB. The small domain of RNase E was used as a search query, which yielded 1690 
hits in the first iteration. These hits were then used as the query for the next iteration of 
jackhmmer. An iterative search was performed until the number of hits stabilized at 33695 
sequences (Figure 39). In each iteration, the e-value for each hit was measured. Hits above the 
threshold e-value (0.01) were discarded from the data. Stabilization of the number of hits was 
described as +/- 500 hits for 3 iterations. Out of all hits, only 209 hits did not map to the KH 
domain. The rest of the hits all aligned to different kinds of KH domain across all kingdoms of 
life (Figure 39).  
 
Figure 39jackhmmer results follow ing search with query of RNase E 453-531  
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  Following sequence analysis, I decided to assess how different KH domains may bind 
to RNA, and whether or not previously described KH domains have been shown to bind RNA 
in a similar way as the RNase E small domain (Figure 37). I utilized the databases Interpro, 
Pfam, SMART, Superfamily, and PROSITE to gather structural information on previously 
described KH domains. In total, 926 non-redundant PDB codes were obtained across all five 
databases. In those 926 structures, 677 structures contained bound RNA. In the structures 
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containing KH domains with RNA bound, 412 KH domains were shown to potentially have the 
same RNA binding arrangement as the small domain of RNase E. An additional 15 KH domain 
structures associated with RNA were found in the same geometry as the RNase E small domain 
bound to RNA, but either lack of sidechain information or poor resolution deemed the binding 
probable, though inconclusive. All KH domains which showed interactions with RNA in a 
similar fashion to the RNase E small domain were found in the ribosome. However, no 
mitochondrial ribosomes surveyed contained this binding geometry. Notably, in all structures 
surveyed, no KH domains showed no dimers which matched the dimerization conformation 
seen in the RNase E small domain. 
  
 
Figure 40A selection of different KH domains from different species bind ing to  RNA  
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  Comparing the RNA binding mode of RNase E small domain (Figure 38C) and the 
ribosomal KH domain RNA binding mode (Figure 40, B-F), similarities can be seen. In the 
RNase E small domain, one lysine and one arginine can be seen binding to the RNA phosphate 
backbone. In prokaryotic ribosomes, there is also one conserved lysine which binds the 
phosphate backbone located in the furthest loop away from α1 next to α’. In eukaryotic 
ribosomes, two residues are responsible for binding the RNA phosphate backbone, one lysine 
and one arginine. Though the two residues are located in the helix and not in a loop, their 
position is the helix is very close to the terminus. Geometrically, the α’ helix in the RNase E is 
shorter than the α’ helix in the ribosome, which may account for the differing orientations of 
the RNA in Figure 40A.  
  Sequence analyses using jackhmmer were performed for other domains of RNase E, 
namely the RNase H and DNase I domains (Figure 5). The RNase H domain was queried with 
RNase E 1-39 and 211-280 combined iteratively until no new sequences were added to the 
search. A total of 7040 sequences were found, most of which were aligned with an RNase E/G 
like domain in prokaryotes. 42 sequences were aligned with either no domain architecture or 
S1 domain architecture (based on Pfam domains), suggesting a close relationship between the 
prokaryotic S1 domain and RNase H like domain. The DNase I domain search was performed 
with RNase E 281-400 as the query. The search was performed iteratively until no new 
sequences were added to the results. The search returned 7666 sequences, most of which were 
also aligned with an RNase E/G like domain architecture. Only 144 sequences were not aligned 
with any domain architecture. These results suggest that the RNase H and DNase I domains are 
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not distantly related to any other domains, and that these domain families may have more 
defined and specific roles than the KH domain family.  
5.3 Discussion 
  Recently, the RNase E small domain has been shown to be a third class of KH domains 
(Pereira & Lupas, 2018). Though lacking the IGxGxxIK/R KH motif, the RNase E small 
domain retains the geometry of the KH domain. As the KH motif is used to bind single stranded 
RNA/DNA, the RNase E small domain may not be able to bind RNA in the same manner. 
Indeed, the α1 and α2 helices — where the KH motif would reside — in the small domain 
(Figure 37) are involved in self-association and are therefore inaccessible for RNA binding. 
Though the KH motif is inaccessible for RNA binding, the α’ loop has been shown as a 
conserved RNA binding site in all three different classes of KH domains (Figure 40). 
Association with RNA by the α’ loop must be limited as only two residues are seen to be 
involved in RNA binding. In addition, these residues are shown to interact with the backbone, 
supporting non-specific binding. These observations support the previously obtained structure 
of RNase E bound to RprA, and the potential involvement of the small domain in the direct 
entry pathway of RNase E cleavage. 
  One notable result found through this search is the lack of KH domain dimers which 
adopt a similar conformation to the RNase E small domain dimers. The residues involved in 
KH domain dimers are generally found in α’, which was used in RNase E to bind RNA (Lewis 
et al, 1999; Teplova et al, 2011). The residues of the RNase E small domain involved in 
dimerization are along the α1 and α2 helices, which are involved in RNA binding in canonical 
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KH domains. This characteristic may be related to the absence of the notable IGxGxxIK/R 
motif in the RNase E small domain, as the KH motif is used for RNA binding and generally 
appears in the α1 and α2 helices (Figure 41). RNase E instead uses these binding residues to 
dimerize with the β2 strand of the other dimer (Figure 41). These results suggest the potential 
of the RNase E small domain to have diverged from the other KH domains early on its 
evolution, as it only retains the overall 3D structure and the RNA binding site between α’ and 
β’.    
 
 
Chapter 5: Toward understanding how small RNAs are recognised by RNase E in the degradosome 
 
 
 
 
 
 
Zi Ran Shen - January 2020   133 
 
 
 
 
 
 
 
Towards Understanding Helicase and Chaperone Activities in the RNA Degradosome 
 
 
 
 
 
 
134  Zi Ran Shen - January 2020 
 
 
 
 
 
 
Figure 41:  Comparison of subs trate binding by the alpha1 and alphaa2 helices of the RNase E sma ll domain and KH domain  
 
5.4 Materials and Methods 
  The RNase E small domain was used as an initial query in the iterative Hidden Markov 
Model search jackhmmer (Potter et al, 2018). Results were used as new queries until search 
converged. E-values were set at 0.01 and sequences were scored using the BLOSUM62 matrix. 
The RNase E domains of RNase H and DNase I domains were also searched using the same 
parameters.  
  The databases Interpro, Pfam, SMART, Superfamily, and PROSITE were used to obtain 
PDB codes from KH domain families and families related to KH domains. Redundant codes 
were removed. Non-redundant codes were inspected for binding to RNA and binding to RNA 
in the α’ loop. Alignment of selected KH domains (Figure 38) was performed by MatchMaker 
in Chimera (Pettersen et al, 2004).  
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6 SUMMARY AND PERSPECTIVES 
  Post-transcriptional regulation is an important aspect of gene expression control in the 
life of a cell. In E. coli, the RNA degradosome serves as an integral post-transcriptional 
regulator by influencing the lifetime of mRNAs (Cohen & McDowall, 1997) as well as 
facilitating small RNA mediated control of targeted transcripts. Aside from unstable RNAs such 
as sRNAs and mRNAs, stable RNAs — such as rRNAs or tRNAs — may also be degraded as 
a response to misfolding or stress by RNase E within the degradosome (Sulthana et al, 2016). 
The RNA degradosome can therefore be viewed as a type of surveillance machinery. Though 
much research has been performed on the RNA degradosome since its discovery, some finer 
details of its mechanisms remain to be addressed. It is known that in E. coli, the RNA 
degradosome is a large multienzyme complex with a canonical core consisting of RNase E, 
RhlB, enolase, and PNPase; other proteins can also associate and sometimes dissociate 
depending on growth conditions (Prud’homme-Géńreux et al, 2004). The hydrolytic RNA 
activity of the machine is provided by RNase E, which can be divided into two domains, the N-
terminal domain and the C-terminal domain. The N-terminal domain acts as an 
endoribonuclease which cleaves RNA. Cleavage of the targeted RNA may induce subsequent 
rapid degradation or create a matured form of structured RNAs. The C-terminal domain, on the 
other hand, is an unstructured scaffold upon which the other components of the degradosome 
bind. There are two pathways by which the RNase E catalytic N-terminal domain recognizes 
its substrate, the 5’ sensing pathway and the direct entry pathway. The 5’ sensing pathway 
recognizes a 5’-monophosphate either in cis or trans. Recognition of the 5’-monophosphate 
leads to domain closure and formation of an RNA binding channel that presents single-stranded 
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RNA to the catalytic site, leading to cleavage of the substrate (Figure 5). In the direct entry 
pathway, structured RNA may associate with RNase E directly in a way which promotes 
cleavage of the RNA, bypassing the 5’ sensor. Though new structural information reveals how 
RNase E may bind to target RNA in the direct entry pathway (Bandyra et al, 2018), exactly 
how RNA cleavage is induced by this activity mode remains to be visualised.  
  The C-terminal of RNase E is mostly unstructured save for a few microdomains. These 
elements include the membrane targeting sequence (MTS), arginine rich RNA binding site 1 
(AR1), RhlB binding site (RBS), arginine rich RNA binding site 2 (AR2), enolase binding site 
(EBS), and PNPase binding site (PBS) (Figure 4). Each microdomain has a unique function, 
but the details regarding interactions between individual units of the degradosome remain 
unknown. After endonucleolytic cleavage of an RNA by the N-terminal domain of RNase E, 
the RNA is then passed off to PNPase at the C-terminus for processive degradation in the 3’ to 
5’ direction (Bandyra & Luisi, 2018). As PNPase requires single stranded RNA for processivity, 
the DEAD box helicase RhlB facilitates its activity by unwinding complex structures which are 
likely to exist in intergenic regions (Khemici & Carpousis, 2004). The MTS serves to attach the 
degradosome machinery to the inner membrane, potentially resulting in a temporal lag between 
the transcription of mRNAs and their degradation (Mackie 2013). Enolase’s function in the 
degradosome has been largely speculative, though evolutionary comparisons of all 
degradosomes has shown that glycolytic enzymes or TCA cycle enzymes are often components 
of the assembly. These associations suggest some link between cellular energy status and RNA 
degradation (Chandran & Luisi, 2006; Hardwick et al, 2011; Kovacs et al, 2005). More recently, 
enolase binding to the degradosome was found to be important for the activity of certain sRNAs 
(Morita et al, 2004) and for control of cell division (Murashko and Lin-Chao, 2017). Though 
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the functions of individual components of the degradosome are well described, the information 
surrounding their cooperation and communication has largely been speculative.  
  One key protein involved in post-transcriptional regulation that can work in conjunction 
with the degradosome is Hfq. Hfq is an RNA chaperone responsible for protecting small 
regulatory RNAs (sRNAs) from degradation and facilitating sRNA pairing to target mRNAs 
(Vogel & Luisi, 2011). Hfq has been shown to associate with the RNA degradosome both in 
the N-terminal and the C-terminal domains (Bandyra et al, 2013, Ikeda et al, 2011; Worrall et 
al., 2008). Hfq has three modes of binding to RNA, involving the proximal and distal faces and 
the circumferential rim (Figure 3). The proximal face prefers to bind poly-U RNA while the 
distal face prefers to bind AAU repeats (Vogel & Luisi, 2011). Incidentally, poly-U RNA 
appears more often in sRNAs as a Rho-independent transcription terminator while AAU repeats 
occur more often in mRNAs. Hence, Hfq may bind sRNAs on one face while its target mRNA 
binds on the other face, bringing the two RNAs in proximity with each other. Aside from 
binding to an sRNA on one face and mRNA on the other face, Hfq has been shown to bind to 
some sRNAs with both faces (Schu et al, 2015). These small RNAs have, in general, a smaller 
pool of targets and are responsible for more specific cellular responses. Though Hfq 
associations with these RNAs are well described, there are few experimental structures of Hfq 
bound to RNAs. Currently, there is only one structure of Hfq bound to an sRNA, RydC, 
alongside some structures of Hfq bound to synthetic RNA. RydC happens to be an sRNA which 
only binds the proximal face of Hfq, and thus, the structure and therefore the details of an sRNA 
which associates with both the proximal and distal faces of Hfq remain undescribed.  
  This thesis aimed to answer some of the questions regarding post-transcriptional 
regulation which remain unresolved (Figure 42). One of the questions I wanted to address was 
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how RhlB inactivation affects the function of the degradosome, both in the regulatory mode 
and in the degradative function. I hoped that by understanding the specific role of RhlB in more 
depth, it would be possible to come to a better understanding of the overall communication 
between the individual degradosome components. The overall architecture of the RNase E C-
terminal domain attached to its individual degradosome components has been the subject of 
previous investigation (Bruce et al, 2018). With the advent of the cryo-EM resolution 
revolution, I hoped to further understand the molecular interactions within the individual 
components of the degradosome. In addition, I hoped to illuminate the mechanism by which an 
sRNA can bind to both faces of Hfq. As Hfq has been shown to bind to the C-terminal domain 
of the degradosome (Ikeda et al, 2011), most likely through shared binding of RNA (Worrall et 
al., 2008), I also wanted to see how Hfq would associate with a segment of the degradosome. 
In the N-terminal domain, the small domain of RNase E has been shown to interact with duplex 
RNA, and one question is whether this could be a shared mode of interaction with a stem-loop 
structure exposed on the surface of Hfq to form a transient hand-over complex.  
  
Figure 42:  Unanswered questions investigated in th is thes is  
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   To answer these questions, I employed a point mutation in the DEAD box of 
RhlB, mutating the glutamate to glutamine (E166Q). This point mutation was previously shown 
in RhlB homologues to create an RNA clamp which is defective in the release of unwound 
RNA (Xiol et al, 2014). This chromosomal point mutation was generated with the help of our 
collaborators, and I sought to characterize whether this mutation affects the growth of mutant 
cells. In my experiments, I found that the mutant strains seemingly grew faster than the WT 
strains in rich media, except when subjected to iron stress. Upon further speculation, the 
genomic background of WT cells may have the greatest contribution to the difference in growth 
rate. Point mutations in the DEAD box of RhlB may be insufficient to cause a disturbance in 
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the cell large enough to alter the growth rate. Thus, further investigations into the biochemical 
mechanism of the RhlB DQAD mutations will be necessary for its characterization. 
  To that point, I decided to create the same mutant in a plasmid used for overexpression 
and purification. As RhlB’s ATPase rate changes when bound to RNase E, unbound RhlB may 
not be representative of how RhlB behaves in the context of the degradosome. Therefore, the 
mutant RhlB was made in a plasmid which co-expressed RNase E 603-850. The E. coli 
expression host was co-transformed with this plasmid and another plasmid expressing enolase. 
Enolase was also included to form the degradosome sub-assembly for characterisation, as that 
glycolytic enzyme has been speculated to change the AR2 RNA binding site and therefore 
change the affinity of the RNase E C-terminal to RNA. Thus, all three components were 
included to mimic the RNA binding capabilities of the degradosome C-terminal domain. The 
three-component RhlB, RNase E 603-850, and enolase assembly was named the ternary 
complex for convenience. Mutant ternary complex containing RhlB E166Q was shown to bind 
RNA 10 x more strongly than WT RhlB. Following this observation, I decided to use this 
mutation to find transient RhlB-RNA interactions in the cell. Mutants with affinity tagged RhlB 
E166Q were kindly provided by our collaborators. I used UV irradiation to crosslink proteins 
and nucleotides together and used denaturing buffer to separate RhlB from the other 
degradosome components. Initial crosslinking and purification seemed successful, as RhlB was 
shown to be associated with RNA which degraded during alkaline hydrolysis. We hope to 
further optimize this protocol and sequence the RNA that was bound to RhlB to identify novel 
substrates that the helicase acts upon in the degradosome. 
  For a deeper understanding of the interactions of the degradosome, several new 
experiments can be performed in the future. To assess the population of RNA which is bound 
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to RhlB, crosslinking and deep sequencing may be performed. For the deep sequencing 
experiments, cell lines that are wild type or contain mutant RhlB may be subjected to different 
stress conditions (such as acid stress, iron stress, sugar stress, etc) during mid log and stationary 
growth phases. Total RNA may then be harvested after 20 minutes of stress and sequenced. 
Rates of RNA degradation can be evaluated by quantify RNA species after stopping 
transcription with rifampicin. The amount of RNA in mutant cell lines can be compared to WT 
cell lines to understand how inactivation of RhlB affects RNA population distribution and RNA 
degradation rates. For the crosslinking experiment, the initial steps performed will be the same 
as the crosslinking steps outlined in Chapter 3. Following pulldown purifications under 
denaturing conditions, RhlB bound to RNA should then undergo sequencing to identify which 
RNAs may associate with RhlB during its lifetime (Figure 43). These two experiments together 
will yield a more complete picture of RhlB function in the degradosome. 
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Figure 43:  Experimental  outline of UV crossl inking and pu lldown  
Figure 44 :  
Experimental ou tline of UV cross link ing abd pulldown  
  In an attempt to understand the structure of the C-terminal of the degradosome, I chose 
to utilize the technique cryo-EM as it can image flexible and conformationally heterogeneous 
proteins. As larger proteins often provide better signal and therefore higher resolution 
reconstructions, I decided to add Hfq and ChiX — an sRNA which mediates chitin metabolism 
that binds to both sides of Hfq — to the ternary complex to make a supercomplex. As Hfq has 
been shown to bind the unstructured region of the degradosome through RNA (Worrall et al., 
2008), we hoped that with one complex we could resolve multiple unknowns, namely the 
organization and communication of the degradosome C-terminus, the association of Hfq to the 
degradosome C-terminus, and how ChiX may bind to both sides of Hfq. During imaging, I 
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observed that the supercomplex was prone to disassociation and aggregation on the carbon 
support of the EM grid. To remedy these artefacts, the supercomplex was reinforced with 
glutaraldehyde crosslinking and treated proteins were frozen on gold grids without carbon 
support. After image collection, I had obtained a map of a subcomplex that may be Hfq bound 
to ChiX. Using the map, I attempted to fit the two molecules to estimate how ChiX may bind 
to Hfq. One characteristic of the map was that the majority of ChiX seems to be located on one 
surface of the Hfq, which is most likely the distal face. This may result in protecting the sRNA 
from non-specific binding, or to enable the seed region to contact more RNA to kinetically 
facilitate target recognition and response. Though the general organization of the ChiX bound 
to Hfq may be speculated upon, a conclusive description of the interactions of ChiX bound to 
Hfq requires a higher resolution structure.  
  Future experiments may be conducted to further understand the structure of the ternary 
complex as well as the structure of ChiX bound to Hfq. There remains unprocessed cryo-EM 
data containing a complex which is of comparable size to the ternary complex. These images 
should be processed for a 3D model of what the ternary complex may look like. In addition to 
data processing, other methods of sample preparation may be performed. The GraFix gradient 
fixation negative staining approach may be performed to purify and crosslink the supercomplex 
together (Kastner et al, 2007). Other grid surface materials, such as graphene oxide and 
PEGylated gold, may be used to prevent the complex from dissociating and precipitating on 
carbon supports (Meyerson et al, 2014; Wilson et al, 2009). In addition, crystallography may 
be employed as a technique to visualize ChiX binding to Hfq.  
  One aspect of the degradosome which does not involve the C-terminal unstructured 
region is the direct entry of certain RNAs into the cleavage site of RNase E. These RNAs do 
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not require a 5’ monophosphate to activate the endonucleolytic activity of the RNase E N-
terminus. Recently, Bandyra et al published a structure of RNase E N-terminal domain bound 
to RprA which showed a novel RNA binding site on the RNase E small domain and DNase I 
domain. Concurrently, another paper showed that the RNase E small domain is another member 
of the KH domain of RNA binding proteins (Pereira & Lupas, 2018). To further examine the 
link between RNase E small domains and the KH domain, I carried out a bioinformatic analysis 
which included sequential and structural analysis. I utilized jackhmmer to iteratively search the 
UniProtKB database for sequences which may be distantly related to the query (RNase E 415-
531). I also gathered all the PDB codes of KH domains in the Interpro, Pfam, SMART, 
Superfamily, and PROSITE databases to search for structural similarities in RNA binding 
between the new structure of RNase E bound to RprA and other previously known KH domains. 
Through this bioinformatic analysis, a similarity between the RNase E small domain and 
previously described KH domains were found both in sequence and in structure. In the 
sequences found, only 209 out of 33,000+ sequences were not related to the KH domain. The 
KH motif of IGxGxxIK/R was prominent in the HMMER logo generated from all sequences. 
Structurally, the RNase E small domain bound to RprA had a similar binding geometry to 412 
out of 677 structures of KH domains bound to RNA. These findings support the previously 
reported conclusions that the RNase E small domain is a member of the KH domain family, as 
well as the potential of the RNase E small domain to act as an RNA sensor in the direct entry 
pathway for RNA degradation. The mode of interaction of the small domain and RNase H 
domains of RNase E with duplex RNA might occur in effector complexes. For example, it can 
be envisaged that duplex regions of sRNA associated with Hfq could be exposed to engage 
RNase E, while the seed region could help to present the mRNA target for cleavage.  
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  To further understand the complex system that is the degradosome, additional studies 
can be envisaged suggested from some of the studies presented here. Structural information 
about the degradosome, its subassemblies and cognate complexes with target RNAs can offer 
insights into the dynamics of such a large and mobile molecular machine. The degradosome’s 
wide ranging activity as well as speed of action and precision in gene expression control make 
it an extraordinarily intriguing target for investigation. I hope that through the scrutiny of the 
RNA degradosome, both in vivo and in vitro with advanced structural approaches and 
integrative methods, a more complete picture of the prokaryotic post-transcriptional regulatory 
landscape can be revealed. 
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